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ABSTRACT: In the last decade, Ultra High Performance Fibre Reinforced cement-based Composites (UH-
PFRC) have been increasingly implemented for rehabilitation and strengthening purposes, rendering outstand-
ing results. The ease of application, along with their superior mechanical and durability properties against other
cementitious materials, constitute the drivers for their successful application. Despite this field being thoroughly
explored and extensive literature already being available with respect to concrete and UHPFRC solutions, with
particular focus on bridges or maritime environments, research on UHPFRC combined with steel in structures
such as steel decks or railway bridges has only recently surfaced. This paper provides an example of the latter:
the Buna Bridge in Croatia is a 9m non-ballasted railway steel bridge built in 1893, and repaired in 1953 al-
beit no longer in operation. The structure was transported in a laboratory setting for testing, envisioning a later
strengthening by a prefabricated UHPFRC slab, connected to the original structure by means of steel studs.
Dynamic and static test will be performed prior and after rehabilitation in order to compare the efficiency of the
solution and in particular the bond between the two materials. A detailed analysis on fatigue will be developed,
based on the updated Finite Element model obtained form the results of the test, helping to deliver an appropri-
ate design for the future strengthening. The results summarize the effective capacity of the girder and estimate
the extension in the residual life of the beam on the basis of prediction of fatigue accumulation under regular
operational conditions.

1 INTRODUCTION

Over the past years, societies have been faced with the
problem of aging existing infrastructure, often leading
to costly rehabilitation works with associated down-
times and societal toll. In view of this, the notions of
sustainability and resilience have become paramount

in the way developed societies plan ahead and manage
own resources.

A relevant illustration may be drawn on existing
bridge infrastructure, since many roadway and rail-
way bridges, built more than 50 years ago, have not
been designed to undertake current loads and there-
fore require an intervention. A characteristic example
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in the case of steel bridges pertains to hot rolled steel
or cast iron structures, connected with rivets, where
fatigue issues commonly surface. For this type of
bridges in particular, strengthening may be achieved
via addition of a load-bearing deck above the main
girders, without replacing these, allowing the con-
version of a metallic section into a composite cross-
section. This reinforcement modifies the neutral axis,
favoring capacity for additional loads and in addition,
the concrete deck may stiffen the upper steel flange,
thus eliminating stability issues for the cross-sectional
part under compression.

Within this context, the development of new com-
posite materials allows for sustainable strengthen-
ing methods, alleviating damage and enhancing resis-
tance of existing steel bridges. Particularly interest-
ing is the recent use of Ultra High Performance Fiber
Reinforced Cement-based Composites (UHPFRC) in
rehabilitation projects. This material is described by
a set of special traits, such as durability, outstand-
ing material properties, and ease of application, which
render UHPFRC an ideal candidate for strengthen-
ing solutions. Laboratory tests indicate a compres-
sive strength, which ranges from 150 to 200 MPa,
while tensile strength lies in the range of 7-15 MPa
(Brühwiler and Denarié 2013). The fibres play an im-
portant role in defining the range of these properties
depending on the content (3-6%), orientation, length
and composition. Consequently, UHPFRC delivers a
workable material whose mechanical properties may
be properly adjusted according to the desired applica-
tion scheme. As indicated via laboratory testing and
in-situ experience, the durability of the structure may
be extended not only due to the properties of UH-
PFRC but also due to the additional impermeability
protection it offers, as depicted by Martín-Sanz et al.
(2016).

Despite numerous examples exist on UHPFRC-
concrete structures, UHPFRC-steel solutions are rel-
atively unexplored. In this work, an actual case study
will be explored, involving the first steps on the reha-
bilitation of the former Buna Bridge(Croatia), on the
Zagreb-Sisak railway. The structure is about 9 m long
and 0.9 m in height, representing a beam structure that
is typical of its construction period. The cross-section
consists of two main girders made of hot rolled steel
plates joined with rivets, connected via horizontal and
vertical grids for stiffening, as appreciated in Figure 1.
Due to its handling weight of only 8.0 tons, this non-
ballasted bridge offers a unique opportunity for trans-
portation and subsequent experimentation in the lab-
oratory. Structural Health Monitoring techniques are
used in this project to obtain parameters that allow, in
a first stage, an identification of the actual condition of
the structure, along with a comparison to the behav-
ior of the bridge after the rehabilitation is performed.
The latter includes a UHPFRC slab on top of the ex-
isting girders, connected via steel studs as in common
composite section. An amelioration on fatigue and an

Figure 1: Buna bridge after removal from its original position.

increase in strength is expected, which is intended to
be proven though simulation and future experiments.

This paper is structured as follows: Firstly, the
structure will be described in detail, as well as the
results from the test campaign. Secondly, it will be
shown how those results can be used to render an up-
dated model of the bridge. Next, the strengthening de-
sign along with the main characteristics of UHPFRC
will be overviewed, to eventually conclude with a fa-
tigue analysis of the initial structure and a correspond-
ing assessment of the proposed solution.

2 DESCRIPTION OF THE CASE STUDY

As aforementioned, the structure to be rehabilitated is
a steel riveted bridge, originally built in 1893, reha-
bilitated in 1953. A new solution was implemented in
2010 at this location, rendering the old bridge unused.
This was exploited as an opportunity to study the ac-
tual condition of the structure and plan a strengthen-
ing program, with a novel material such as UHPFRC.
The bridge is about 8.8 m long and is conformed by
two main I girders, of 0.9 m depth at a distance of
1.8 m from each other, jointed at four sections by
means of L profiles creating a truss, as well as a zig
zag diagonal on the top. The lower zone of the struc-
ture remains unrestrained. It is worth noticing that the
wooden sleepers were applied directly on to the gird-
ers, without any further structural element joining the
two elements. Figure 3 shows the original configura-
tion of the bridge.

2.1 Testing campaigns

In order to determine a baseline reference case, a
testing campaign was implemented, divided in two
stages. The first one, described by Dzajic (2014) com-
prised a static test aiming to determine maximum de-
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Figure 2: Shaker positions: vertical (left), horizontal (right)

Figure 3: Buna bridge at its original location.

flections and stress under a train load (Load model
71) based on the Eurocode EN 1991-2 2003. The sec-
ond campaign was focused on dynamic testing, un-
der use of two excitation scenarios. In the first one,
the excitation was obtained by means of a shaker per-
forming swept sine vibration, mounted both in verti-
cal and transverse direction, as illustrated in Figure 2;
whereas in the second case, ambient excitation was
simulated by means of two hammers hitting the struc-
ture (Cunha & Caetano 2006). In both cases, the orig-
inal elastomeric bearings sustained the structure, al-
though the rails and sleepers were not present.

Once the structure is rehabilitated, the same exer-
cise will be repeated under identical settings (equip-
ment, configuration and boundary conditions), allow-
ing for a more direct comparison.

2.2 Modal update

The main objective for the experiments is to render
parameters that can be contrasted with the recom-
mended values stated in the codes. Some criteria can
be directly compared, such as deflections or maxi-
mum strains. However, in other cases a numerical
model is necessary to establish thresholds, which will
define the safety factors for the future years of opera-
tion. The experimental results allow a better compre-
hension of the structure, as delivered by an updated
model of the system, able to simulate more closely
the actual behavior of the bridge. Two Finite Ele-
ment models were used in order to match the proper-
ties retrieved from the experiments. Firstly, a model
was established in the SAP2000 (CSI 2010) soft-
ware, where a sensitivity analysis was carried aim-

ing to define the more influencing parameters to be
used in the model updating procedure. Finally, a de-
tailed model using shell elements was developed us-
ing SOFISTIK (SOFiSTiK 2016), where a more re-
fine tuning was achieved. Based on the results from
the modal frequencies and visual inspection, several
hypotheses were considered:

• Inefficient load transfer between both girders in
lateral direction. This statement is confirmed by
the fact that each girder exhibited a different fre-
quency for some lateral modes.

• The riveted plates are not acting as individual el-
ements resulting in a reduced stiffness.

It was therefore necessary to introduce a reduced elas-
tic modulus for several sections, in order to retrieve
the actual condition of the bridge. Selected areas were
chosen based on visual inspection and knowledge of
the bridge construction method: the flanges of the
girders, with a thickness of 40 mm in the center zone,
are not monolithically connected but rather comprise
4 plates of 10 mm joined with rivets. It appears there-
fore reasonable to assume a 10% decrement on the
elastic modulus of the steel for this sections.

Table 1 presents a summary of the modes from
both the experiment and the model, as well as a de-
scription of each one of them. The modal parame-
tres have been obtained by means of PULSE software
(Brüel & Kjær) for OMA, and MACEC (Reynders,
Schevenels, & De Roeck 2011) for EMA. Further-
more, Figure 4 shows a visual comparison for mode
number 1.

3 PROPOSED DESIGN

The rehabilitation of the Buna bridge intends to ame-
liorate several problems that were observed during the
initial testing and inspection, listed herein:

• fatigue at the midspan and excessive stresses at
localized areas,
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Table 1: Modal results from dynamic test and FEM updated frequencies.

Mode Mode Description Remarks Frequency
Number Experiment FEM
1st mode 1stlateral mode – 18.84 18.79

2nd mode 1stbending mode
+ 2nd lateral mode

One girder exhibits a
more pronounced deflection

than the other
24.21 27.00

3rd mode 1st lateral mode
+ 1st bending mode

One girder exhibits a
more pronounced deflection

than the other
27.09 27.12

4th mode 1st bending mode – 35.6 36.66
5th mode 3rd lateral mode – 61.95 60.89

6th mode Lateral local
mode of girder plates – 97.01 97.43

Table 2: Displacements obtained from FE model, from the initial and strengthened structure.
Vertical Deflection(mm) Transverse Deflection(mm)

Initial structure Rehabilitated structure Initial structure Rehabilitated structure
Left Girder Right Girder Left Girder Right Girder Left Girder Right Girder Left Girder Right Girder

8.87 8.23 6.21 5.34 14.8 13.7 6.5 5.9

• uneven distribution of lateral loads between both
girders, and

• lack of waterproofing layer between the rails and
the superstructure, allowing contaminated sub-
stances to directly fall on the river bed.

To address the mentioned problems, casting of a
UHPFRC slab on top of the existing steel girders is
foreseen, connected by means of steel studs as in a
conventional composite section concrete-steel. The
depth of the section was reduced from the initial
value of 120 mm proposed by Dzajic (2014) to 70
mm, thanks to the accurate model and the improved
material properties. The slab is reinforced in the
transverse direction with rebar of φ12 mm at a 250
mm spacing, and the connection is achieved via two
rows of steel studs per girder, 19 mm in diameter
spaced 100 mm. A detailed section can be observed
in Figure 5.

UFPFRC has proven suitable as a waterproof layer
in many projects, as reported in the literature (Denarié

and Brühwiler 2015, Lampropoulus and Paschalis
2016, Sajna et al. 2012). Its high density, low poros-
ity and the micro-cracking effect render the material a
reliable solution when sealing is needed. In this case,
the benefit is twofold: On one hand, spillage of liquids
or substances that may fall on the river is controlled.
On the other hand, the steel structure is protected from
corrosive agents that could deteriorate the bridge and
lead to damage. In terms of stability, the slab per-
mits the transfer of lateral loads and creates a more
stable structure. Both girders deform with the simi-
lar amplitude in transverse direction and deflections
are significantly reduced, as demonstrated in Table 2.
The results from the Finite Element analysis will be
validated once the rehabilitation takes place and the
bridge is tested anew.

4 FATIGUE ANALYSIS

For the case of overall deflections and maximum
stresses, the static test showed that the structure did

Figure 4: . Mode number one, in SOFISTIK (left) and from the dynamic experiment (right).
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Figure 5: Typical section of the bridge after rehabilitation.

not suffer major complications. Nevertheless, fatigue
issues can appear at connections or riveted regions.
Fatigue response of steel bridges under variable am-
plitude and long life loading is well detailed in the lit-
erature (Chan et al., Schilling), although most codes
include simplified estimations for this type of calcu-
lation. Such simplifications include the use of a train
model which, for this case, was not a realistic load,
therefore the extended method was applied.

4.1 Fatigue damage accumulation

The standard approach for the evaluation of fatigue
damage in steel structures is the Palmgren-Miner rule
(Miner 1945, Wöhler 1860), also known as the linear
accumulation rule, which stipulates that damage on a
structural point subjected to cyclic stress conditions
is calculated by the ratio of operational cycles to the
number of failure cycles as follows

D =
k∑

j=1

Dj =
k∑

j=1

n (∆σj)

Nf (∆σj)
(1)

where n (∆σj) denotes the number of stress cycles
with amplitude ∆σj , Nf (∆σj) is the number of cy-
cles to failure with stress amplitude ∆σj and k indi-
cates the number of bands in the stress spectrum. In
the case of measured or dynamically simulated stress

histories, the number of operational cycles n (∆σj)
may be evaluated with the aid of cycle counting meth-
ods. In this contribution, the rainflow counting algo-
rithm is employed, which constitutes the most accu-
rate and widely adopted approach in fatigue analysis
(Suresh 1998).

Finally, the expression between stress cycles with
amplitude ∆σ and fatigue life in terms of failure cy-
clesNf is established by the well-known S−N curve
which reads

Nf∆σm = A (2)

with A and m comprising material-dependent vari-
ables, denoting a fatigue strength constant and the
slope of the curve respectively. Upon unifying Eqs.
(1) and (2), the expression of damage index D may
be rewritten as follows

D =
k∑

j=1

C (∆σj)
m n (∆σj) (3)

where C indicates the reciprocal of fatigue strength
constant A.

To assess the fatigue behavior of the structure under
consideration, both before and after strengthening, the
S − N curve proposed by the SIA269-3 (2011) for
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Figure 6: Constructional details 1 (top left), 2 (top right), 3 (bottom left) and 4 (bottom right)

riveted construction details is utilized, as formulated
below

Nf∆σm = 2 · 106 ∆σm
C , m = 5 for N ≤ 5 · 106

Nf∆σm = 5 · 106 ∆σm
D , m = 5 for 5 · 106 ≤ N ≤ 108

with a cut-off limit ∆σL = 0.46∆σC , where ∆σC and
∆σD = 0.725∆σC indicate the detail category stress
range and constant amplitude fatigue limit, respec-
tively. According to the considered constructional de-
tails (Figure 6), which appertain to the category con-
tinuous riveting between flange angles and web plate
in built-up flexural girders, the detail category stress
range ∆σC is equal to 80 MPa and therefore ∆σD =
58 MPa and ∆σL = 36.8 MPa, resulting in the S −N
curve illustrated in Figure 7.

In the absence of real response measurements,
which would enable the assessment of fatigue dam-
age experienced by the structure on the basis of actual
operational quantities (Papadimitriou, Fritzen, Krae-
mer, & Ntotsios 2011, Saberi, Rahai, Sanayei, &
Vogel 2016), the present study is based on simula-
tion data generated in proportion to the traffic ac-
tions highlighted in EN 1991-2 2003. In so doing,
the measured traffic loads on a similar Croatian rail-
way line between 2012 and 2013, as reported by HŽ-
Infrastruktura (2013) and presented in Table 3, are
used to determine the traffic mix and the train types
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Figure 7: S −N curve for the considered structural details

to be carried by the bridge. With the given records
and the fact that the maximum allowed speed in the
considered zone is equal to 120 km/h, the structure is
analyzed assuming light traffic mix with a total vol-
ume of 25.300 tonnes per year.

Table 3: Traffic in Zagreb-Sisak railway line

Year Train Number of trains Average mass [t]

2012 Passenger 10.953 164
Freight 3.749 830

2013 Passenger 11.018 141
Freight 2.901 864

To highlight first the effect of the strengthening in
the vibration response, and subsequently in the fa-
tigue life-time, of the bridge, the structural model is
analyzed using train types 1, 2, 5 and 9 (EN 1991-
2 2003 Annex D, Table D.3), representing light traffic
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Figure 8: Stress time history at constructional detail 3 (Figure 6) with passenger train of Type 1 used as excitation

0 1 2 3 4 5 6 7 8 9

0

20

40

Time [s]

St
re

ss
[N
/m

m
2 ]

No slab
With slab

Figure 9: Stress time history at constructional detail 2 (Figure 6) with passenger train of Type 2 used as excitation

mix, and the stress time histories at the considered hot
spot locations are compared. Figure 8 illustrates the
comparative stress signals at structural point 3 (Fig-
ure 6), when the bridge is excited by a Type 1 passen-
ger train traveling at 120 km/h. It is evident through
the vibration analysis that the bridge in nominal state
reaches a considerably higher stress amplitude of -
104.08 MPa when compared to the rehabilitated case
which presents a maximum stress amplitude of only -
40.65 MPa. Such a reduction can be readily attributed
to the additional compressive zone offered by the UH-
PFRC, which in essence assumes the greatest part of
compressive stresses and therefore alleviates the up-
per part of the steel structure.

Although to a lesser extend, the lower part of the
steel structure, which is subjected to tensile stress, is
also exposed to smaller stress cycles in the case of the
strengthened bridge. The presence of the slab creates
a composite cross section with elevated neutral axis,
towards the upper part of the steel structure, which in
turn leads to a larger tensile zone with more widely
distributed, and therefore noticeably reduced, tensile
stresses. This is clearly illustrated in Figure 9, where
the stress time history of structural point 2 (Figure 6)
for the rehabilitated case, maximum stress of 37.91
MPa, is compared with the one experienced by the in-
tact bridge, maximum stress of 45.94 MPa, when both
models are subjected to the loads of Type 2 passenger
train.

Apart from the significant vibration mitigation
though, this amplitude reduction affords an even more
pronounced effect on the fatigue behavior of the struc-
ture, which often constitutes the design driver for steel
bridges. In examining this upgrade, the fatigue life of
each constructional detail is calculated on the basis
of the aforementioned methodology. The stress cycles

contained in the simulated time histories are counted
for each load case using the rainflow counting algo-
rithm and the combination of Eq. (3) with the S −N
curve yields the fatigue damage experienced by each
point, which is finally projected to a yearly basis, ac-
cording to the indicated traffic volume.

Table 4: Remaining service life in years

Constructional detail 1 2 3 4

Untouched structure 182 83 11 13
Rehabilitated structure 379 164 782 309

The remaining service life for each structural loca-
tion is reported in Table 4 where it can be seen that
fatigue life of the untouched structure is consumed
in 11 years, with constructional detail 3 being the
weak spot. On the other hand, the rehabilitated bridge
shows a significantly longer fatigue life which is not
anymore determined by the same structural point. In-
stead, detail 2 is now the decisive point with a remain-
ing service life of 164 years. It is worth noting here
that points 1 and 2 lie on the lower and tensile zone of
the steel structure while points 3 and 4 are located on
the upper and compressive zone which is practically
characterized by higher fatigue strength. Although in
practice fatigue cracks can also develop under com-
pressive loading (Fleck, Shin, & Smith 1985), fatigue
life of the structure will be most probably determined
by the critical locations subjected to fully or partially
tensile stress conditions; namely, constructional de-
tails 1 and 2.

5 CONCLUSIONS

In this work, a case study for rehabilitation of struc-
tures with UHPFRC is presented. The former Buna
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bridge, a railway steel structure no longer in use, has
been tested statically and dynamically in order to ob-
tain an insight on the bridge behavior. This informa-
tion is used to perform a FE modal update, reveal-
ing the genuine strength state of the system. With
this knowledge in hand, a UHPFRC slab is envi-
sioned, aiming to ameliorate the problems noticed
during visual inspection and testing. A fatigue assess-
ment based on numerical results is performed on both
the original and rehabilitated structure, demonstrating
the effectiveness of the solution in terms of stress re-
distribution and fatigue mitigation.The next phase of
the project involves the casting of the aforementioned
UHPFRC layer and the realization of identical tests
on the strengthened structure, allowing for a compar-
ison between the initial results as well as with the FE
model.
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