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ABSTRACT: Sone spans of a prestressed conùete raihvay bridge in Sicily (Iraly) were
exposed to an intense fire. Comparison behveen conoete residual mechanical properties ard
conclete microstructure 1et us to find oùi tlìat the main calLse of concrete damage was the
ùennal dehydration of CSH gel and of potlandite at aimost 600'C. A themo-mechanical
model (FEM) by means of ANSYS@ soft.lvare, developed following the ISO 834 standard, ù,as
perfonned on a beam model to detefftine thermal loads distribution. tenperatues and
deformations distriblrtion versus time to be compared to damage maps on the beams.

1 INTRODUCTION

It is well lalo\,!n that microstmcture and mecharical properties of concrete aÌe severeÌy
influenced wlìen exposed to fire; damage is also observed or reinforcing stee1. Mechanjcal
propel1ìes decay, at a gven temperatúe, is however more evident for steel than for concrere.
Elevated tempe.atures indeed induce deep structural transformations of îhe concrete and of the
rebars that are tlìe drect cause ofthe nechanical propentes deteioration. For this reason it was
developed by the authors aÌ experimentaì work aimed to charactedze concrete at diîfercrt
temperatùres arìd to ìmplement a possible correlation between Ínechanical propefies
(compressive strength) and microsmLctural propefies (crystallographic phases by means of X-
ray diffraction, porosìty, de sity and ultrasourd propagatjon velocity).
Reirforced concrete deteriomtion deperds on the temperatúes reached during the fire in the
different sections ofthe structural element and on the expositior time at the these tenperatucs,
îor this reason, their kDowlegment is very important to estimate tlìe effective stnÌctural dalrìage.
In this paper aÌ experimental procedure for rcconsftcting thennal history ofa real event, a fire
damage ofa prestressed railway bridge located in Siciìy (I!aly)- is reported.
h order to detect the status of the stnlcture, at a fitst time, a visual ,Í loco examination and, in a
second til1le, a laboratory study, accordìngly to an expedmental program dcveloped &om NIST,
were ca.ried out (Phar 200l). TLe laboratory study was conducted in hvo phases. ln the first
phase an evaluation olr samples cored from the undamaged area ofthe structÙre was carried out,
these samples wele considered as relèrences (Fig.la); in a second samples were "artificially"

deteriorated in a tenperature controlled fllmace, in order to stìmr ate ireversible
transfonnatioÍs oî coÌìcrete cousìtuents at the differcnt temDerahres. The secold steD of the
study was perfoÍned or samples cored fron some area s serer eh darnaged by the ii re ilj g.lb).
All concrete samples had a cylìndrical slìape \'r'ith a 50 mm or 80 mÍn diameter.
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Figure 1. Conqete cored from an undarnaged beam (left). Concrete cored from a beam
exposed to fre (.ight)

The laboratory investigation considered in the following evaluations : mechanical compression
shengfh, X-ray diffraction QGD); mercury introduction porosirnetry (MIp); ulhasound
propagation velocity (UP\) ald density calculation.
Once defined the status of the stucture, it was necessary to design a repair intervention, which
included verifications of static stability. The study was completed with a therrnal FEM
modelling ofa longitudinal section of a double T beam.
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Figure 2. Scheme of the bridge span. Squared numbers refer to cores location. Dotted circles indicate
approximately the area subjected to fre. Full lines indicate the position in the beam, as evaluated from
cores, of cracks laying on a vertical plane respect to the beam cross section and transversal to core axes.
Dashed lines indicate the position in the beam, as evaluated from cores, of cracks laying on a horizontal
plane respect to the beam cross section and longitudinal to core axes.

2 VISUAL ON SITE EVAIUATION

Some spans of a preshessed concrete railway bridge exposed to an intense fire, developed at the
base of the piers, were evaluated. A scheme ftottom side view) of the most damaged span is



shown in the Figure 2, where position of the extracted cores are also reported. The damage was
marnly localized at the head ofthe beams. near the hvo piers.
The fire was arlificially extinguished after many hours, during which crítical temperatures
caì.rsing the sudden and violent breaking away of the extemal hot concrete layer (spalling) were
reached. Spalling is a severe problem for reinforced concrete structures since it causes direct
rebars exDosure to the fire.

Frgue 3. Comer spalling and steel detedoration of a prestressed beam (left). piers
spalling; the damage was deep almost 70 mm (úght)

For ordinary Portland concretes, spalling is mostly observed during the first 20 minutes of fre;
it is caused, not only by the pressure of the ftee and bulk-water vaponsing with the increasing
temperature and enhapped in the pores, but mail y by a displacive phase hansition of quartz,
from low-quanz to high-quartz, that produces a volume expansion of aggregates and so
initiation of cracks. Spalling is more critical for prestressed concrete and it is mainly focused in
the edge and in the curve surfaces of the structural element (Hertz 2003).
Visual examination of the bridge evidenced hear,rly deterioration mainly focused on the lower
surface ofthe beams ald at the base of the piers (Figure 3).

3 EXPERIMENTAI PROGRAM AND RESULTS

In the second phase of this work, undamaged samples were characleize mechanically and
microstructurally. It resulted a normal strength concrete (in-situ characteristic compressive
strength Éú ",ó" 54,5MPa) made with siliceous aggregates. X-ray diffiaction analysis showed
that the most impofant phases of the cement paste present were Ca(OH), (portlandite), CaCO3
(calcite) ald CSH (plomberite) gel. Mercury introduction porosimetry carried out on these
samples showed a porosity oî 18.7o/o, while the mean value of ultrasound oulse velocitv was
about 3848 m/s.
Also fire damaged samples (Figure 4) were subjected to a number of investigations to detect
how micro-structural and mechanical properties were influenced by elevated temperatures. It
was evidenced a global decay of concrete properties in terms of final shength, porosity, shear
modulus and density. The graph reported in Figure 5 shows, through nonnal Gauss
distributions, that the dispersion of the values of ultrasound velocity and mechanical strength
are lower for undamaged cores than for damaged ones.
Ultrasound velociry is a concrete quality indicator and so it mav be considered as a non-
destructive diagnostic method to detect voids or cracks caused by concrete phases dehydration
or by thermal stresses.



Figwe 4. Evidence of a longituclinal crack on concrete cored from a beam

Lower velocities were referred to the more exposed samples. Lower ultrasound velociq'
suggested microcracking and lower density (higher porosity) of concrete.
X-ray diftaction analysis made on directly exposed samples, revealed the presence of calcite
and quartz; but CSH gel (plombierite) and podlandite were absent.
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Figure 5 . Frequency distibution for concrete strength (lsft) and US velocity (right) of darnaged and
undamaged concrete

If plombierite and portlandite were absent, then during the fire, the reached temperatures were
over their dehydration starting point (about 750 "C and 400 oC respectively).
To better understand temperature profile in the concrete, a sample, cored parallel to the fire
direction, was analysed by XRD to evaluate concrete components tansformation and how deep
the danage was; the sample was 75 mm long.
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Figure 6. Counts vs depth and cormt vs temperature in a fire damaged concrete core and in heat teated
concrete samples respectively
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As reported in Figr.rre ó, going in depth, is evident an increase of calcite content, in particular at
the deptlÌ of7 mm; at the same time, pordandite is absent. This evidence was due to carbonation
of calcium oxide (lime), produced by portlandite dehydration. The lower calcite content on the
exposed surface was due to its decomposition. On the sane sarnple it was also observed (by
means of optical microscope observations) microcracks in the aggegates and in the cement
paste as a consequence of the above mentioned thermal transformations and displacive phase
transition of quartz.
Once focused what trarìsfoffìations lÌad occurred, it was necessary to rurderstand what were the
exact temperatures that caused these transformations. For this reason, an experimental stùdy in
stationary conditions, was developed: samples were heated, without any external load, to up
400, 500, 580, 650, 750, 850 and 1000"C, in a fumace, with a heating rate of 5.C/min. Once
reached the fixed temperature, the sarnples were maintained for tlrree hours. This test was
designed in order to simulate a real fire. After the furnace test, each core was subjected to X-ray
analysis and to porosimetry. The principal transformations observed were those ones of calcite
and ofportlandite, starting respectively at 650"C and 400"C as is shown in the Figure 6.

4 THERMO-MECHANICAT ANALYSIS

Once evaluated the physical thermal transformations acîivated by the elevated temperatures
reached by the concrete components, it needed to develop a thermo-mechanical analysis by
means of a finite element method IFEMì.
The purpose of this thermo-mechalical analysis was to detemine the stress-strain field
occurring during dre fire. The chosen structural element was a single double T beam belonging
to the damaged spaî of the bridge. The first step of this analysis consisted in the assessment of
the reached temperature on the exposed surface, at a depth of 1 mm, to be compared with that
one estrmated (by XRD) being over 750'C.
A 2D FE model was realized using the code ANSYS @ release 7.0. The beam model was 24 m
long and 1,8 m in height reinforced by three post-tensioned steel tendons. The tendons were
located in the middle longitudinal plane (tension zone) and their position was symmetric respect
to the middle cross-sectional plane, so in the 2D numerical model half of the middle
longitudinal plane was considered by applying symmetry boundary conditions to the nodes
(Figure 7). Meshing was realized using the elements PLANE 13 for the beam model and LINK
8 for the tendons model wrth a no bond slippage condition by means of MERGE instruction
applíed to tle common nodes of the beam and of the reinforcement. The mechanical and
physical properlies of the concrete and the steel materials were considered as a frurction of the
temperature and were taken form literature (I-im, 2000). The following boundary conditions
were applied to the model: a pressure of 10105 N/m to consider the weight force, a heat
exchange load by convection applied to the lower beam side to simulate the fire, symmetry
boundary conditions on the nodes of the middle cross-sectional plare and the vertical
displaceÍrent was constrained on the node located at the left bottom comer (Figure 7).
The extemal convection load, applied on the node ofthe lower surface of the structural element,
was chosen accordingly to the International Standard ISO 834 (Eurocode 1 1996) that simulates
a real fire, for obtaining temperature dishibution versus time.
ln the ANSYS code the convection force was defined by means of the convection coefficient
and the^ bulk temperature. The air-concrete convection coefficient was supposed equal to
25Wlm"K, for an extemal temperature of 293 K. The bulk temperature T [K] was defined
versus the time t [s] accordingly to the following equation:

T: 293+345.1og1(0.13.t+ I ) (1)

The link elements were subjected to an initial strain of 1,13.104 to simulate the post-tensional
loads on the tendons.



Figwe 7. 2D finite element model ofthe beam

The results of the analysis showed that a temperatue of 1 1 10 K were reached on the directly
exposed surface of the beam, after about 14400 s (4 hours) accordingly to the values estimated
by the diffractometric characterization. The maximum temperature reached by the steel tendons
(after a time of 18000 s) was about 537 K. Once determined the heating-curve, the evolution of
the stress-shain field was studied through a non linear (transient) thermo-mechanical analysis.
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Figure 8. X axis displacement fm] in the concrete bearn model after 18.103 s.

With the increasing of the temperaturc, it was obtained from the numerical analysis that,
because to the thermal relaxation (expansioQ of the tendons, there was a marked displacement
ofthe beam. Figure 8 shows the deformed shape ofthe beam and repofs the numerical values
of the horizontal displacement (x-direction), negative displacement (traction) were observed on
the lower side ofthe model accordingly to cracks location observed on exÍacted cores (Figure 2
and 3).

5 CONCLUSION

Ordinary Portla.nd concrete is subjected to many microstructural and physical transformations
under fire exposure. Thermo-chemical reactions of aggîegates and of the cement past can be
used as temperature indicators, to reconstuct thermal history ofthe shuchue. In some exheme
events these transfomrations may cause total loss ofthe load carrying capacities of the structure.
Mechanical and microstructural characterization by X-ray diffraction was performed on
concrete cored from a fire damaged shucture. As a reference concrete samples were subjected to
thennal heatments up to 1000'C. Thermal expansion of steel, thermal stresses and prestressing
steel relfiation due to fire exposition caused the formation of intemal cracks in prestressed
beams. A thermo-mechanical model (finite elements model, FEM) by means of ANSYS@
software, developed following the ISO 834 standard, on a beam model allowed to deteÍnine
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therrnal loads distribution, temperatures and deformations distribution versus time compatible to
cracks and damage maps of the more exposed beams.
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