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Abstract

In recent years, several bridge collapses have occurred worldwide, resulting in human life and economic
direct and non-direct losses. Such events are likely related to the age of bridges, which is approaching
their lifespan in most of the cases. Furthermore, older bridges were designed according to outdated
standards and built by using outdated materials and technologies, and consequently, require major ret-
rofitting. Since infrastructures play a fundamental role in the road network, stakeholders and govern-
ance are committed to improve their performance with urgency. Structural safety assessment is funda-
mental to properly plan and identify maintenance interventions, also accounting for the effects of deg-
radation phenomena. In fact, steel reinforcement corrosion, concrete cracking, creep and shrinkage se-
verely affect expected lifespan of a structural system exposed to external environment and fatigue loads.
In this paper, a review of the degradation models available in the literature is provided, discussing the
influence of the main parameters on each degradation phenomenon. Subsequently, a numerical model
of a case study Maillart’s bridge located in southern Italy is developed, implementing degradation ef-
fects to assess their influence on the structural performance. Since the bridge is located nearby the coast,
both carbonation and chloride-induced corrosion of reinforcement were considered, as well as long-
term physical effects on concrete mechanical behaviour. The results showed that material degradation
may influence both local and global response of the structure and that predicting bridge behaviour evo-
lution over time can be useful for its life cycle management.

1 Introduction

Recent bridge collapses have focused the attention of stakeholders on the health of infrastructures and
on their need for maintenance. In Italy, many infrastructural assets (e.g. bridges, tunnels) were built
over than fifty years ago, according to outdated standards and materials. Consequently, they are ap-
proaching their lifespan end or require retrofitting [1]. Despite their age or health, existing infrastruc-
tures still play a strategic role in the road network and their functionality loss could have a major impact
on the economy, sustainability and logistics, especially in the event of seismic emergencies.

Several studies carried out in the last decades [2]-[5] have shown that building materials are affected
by degradation processes, resulting in a reduction of the load-bearing capacity and ductility of the entire
structure. Since the seismic behaviour is strongly dependent on the latter, life prediction, performance
monitoring and bridge maintenance have become essential to avoid brittle failures and sudden col-
lapses.

Steel rebars and tendons corrosion represents one of the main causes of deterioration of RC struc-
tures [6]. Corrosion may occur in general or localized form; the former is related to carbonation and
results in a uniform reduction of reinforcement cross-section along its length, while localized corrosion
is caused by chloride penetration and induces pits and notches. In addition, localized corrosion may be
accelerated by freeze-thaw cycles and de-icing if joints are not maintained or inadequate. A large num-
ber of literature studies was addressed at modelling the phenomenon of corrosion and its consequences
in RC structures. Particularly, degradation models [7], functionality curves [8], [9] and time-dependent
N-M interaction curves for piers [10] were developed. The outcome of such studies provided useful
tools for maintenance planning and showed a high correlation between structural safety index and cor-
rosion rate.

In this work, the influence of degradation phenomena on the global structural response and the load-
bearing capacity of a Maillart arch bridge was evaluated. Non-linear pushdown analyses were per-
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formed on the structural system, accounting for the effect of the evolution over time of several degra-
dation phenomena. Particularly, reinforcement corrosion and concrete degradation due to cracking
within the cover depth due to carbonation were considered, alongside concrete creep. The performance
of the structure was computed at different time intervals starting from the construction year, in order to
compute functionality curves.

2 Degradation models considered

The structural response of reinforced concrete (RC) structures is deeply influenced by degradation phe-
nomena affecting the mechanical properties of both steel and concrete. The hydration products of ce-
ment induce a high alkaline environment in concrete. Therefore, for PH higher than a specific threshold
(generally around 11.5), steel reinforcements are surrounded by an iron oxide film that provide protec-
tion from corrosion. When carbon dioxide and moisture penetrate within concrete pores, the carbona-
tion reaction occurs, neutralizing the alkalinity of the concrete. Although the mechanical properties of
concrete are not directly affected by carbonation products, as carbonation reaches the concrete-rein-
forcement interface, the protective film is destroyed, leading to corrosion. Consequently, reduction in
rebars-cross sectional area and mechanical properties decay occurs. Additionally, the production of
expansive products induces tensile stress on concrete surrounding the reinforcement, leading to pro-
gressive increase of cracking up to cover spalling [6].
Carbonation penetration can be evaluated with equation (1):

s=Kvt 1)

where s is the carbonation depth in millimetres, t the time in years and K the carbonation rate in
mm/year®S, which ranges between 2 for well compacted concrete and 15 for poor quality concrete. In
this study K=7 was assumed. Substituting the concrete cover thickness in equation (1), the corrosion
initiation time can be estimated.

Once carbonation-induced corrosion was triggered, the reduction in cross-section diameter may be
assessed through the corrosion rate veorr. Since the chemical corrosion reaction requires water and oxy-
gen, the corrosion rate is highly dependent on the water content within concrete pores. In fact, the
corrosion rate is lower than 1 pm/year and, consequently, can be neglected if concrete pores are dry or
saturated. On the other hand, if the relative humidity (RH) is between 90% and 100%, corrosion rate
may increase up to 100 um/year. Since the RH of the case study bridge environment is approximately
80%, Veorr = 15 um/year was assumed [6].

As said before, both the properties of reinforcing steel and concrete are affected by corrosion of the
reinforcement. A significant reduction of tensile strength, yielding strength and ductility is observed
for rebars, while cracking due to expansive products of corrosion cause concrete compressive strength
decay. The relationships proposed by Imperatore et al. [11] was employed herein to account for rebars
properties decay, as shown in eq. (2)-(4).

fy,corr = (1-0.0143453 - My, [%]) 'fy 2

ft,corr =(1-0.0125301- Mipss [%]) 'ft (3)
—0.0546993Mioss [%) . ¢ (4)

where fy, f and ey are the uncorroded yield strength, the uncorroded tensile strength and the uncorroded
ultimate strain respectively; while fycor is the corroded yield strength, ficorr is the corroded tensile
strength and eucorr is the corroded ultimate strain; which are evaluated as a function of the percentage
of mass loss Miess. It is noteworthy that tensile strain, which decays according to an exponential law, is
the most affected parameter in case of corrosion and can induce a wide reduction in local and global
ductility.

The concrete compressive strength decrease is computed with the equation (5), proposed by Vec-
chio and Collins and modified by Coronelli and Gambarova [12]:

Eu,corr = €

5 (5)
1+K bars
bgCZ
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Where f*c is the corroded compressive strength, fc the uncorroded compressive strength, K a constant
equal to 0.1 for medium rebar, X the corrosion penetration in mm, b the width of the cross-section in
mm, Nears the number of steel reinforcement in the compressive zone and &c2 the strain at the peak.

Lastly, creep effect should be considered when analysing long-term evolution of structural perfor-
mance, particularly in case of bridges subjected to high static and dynamic loads, which lead to pro-
gressive increase of strain. Creep is evaluated through the relationship proposed by Model Code [13],
as shown in eq (6):

Eci
EO =5t ©)

where Eciis the modulus of elasticity at 28 days and o (t, to) is the creep coefficient, depending on the
geometry of the cross-section of the considered element, the RH and the mean compressive strength of
the concrete (fem). Further details on ¢ evaluation may be found in [13].

3 Description of the case study bridge

The bridge analysed in this study is located in the south-east coast of Salento (Apulia, Italy) and was
built in 1967. The original structure consists of a thin RC arch connected to the upper deck through
vertical trusses, as depicted in Fig. 1 (left). The arch span and depth are equal to 44 m and 7 m, respec-
tively, while its thickness varies from 250 to 300 mm. Such thickness value was designed in order to
avoid buckling phenomena and reduce as much as possible the self-weight of the vault. The upper deck
is 7 m wide and consists of a thin slab supported by four longitudinal beams with cross-section equal
to 250x1000 mm. Each vertical truss connecting the arch to the deck is characterized by either a set of
four columns (at the ends) or a thin wall (in the mid-span). Spandrel beams are used at the ends of the
trusses for the connection to the arch and the deck [14].

The high flexural stiffness of the deck leads to negligible bending moment in the vertical elements.
As aresult, the arch behaves as a fully compressed element under dead loads. The foundation elements
of the arch are plinths. The deck is constrained at the abutments on one side by a hinge and on the other
by a roller, to allow for longitudinal displacements caused by thermal loads. Two access girders, 6.15
m and 9.75 m long respectively, connect the bridge to the abutments and are constrained to the main
structure with half-joints.

The characteristic compressive strength of concrete, fc, is equal to 25 MPa for foundation elements
and 30 MPa for both the arch, columns and girders 30 MPa. Smooth steel rebars were used for concrete
reinforcement, having yielding strength ;=310 MPa, tensile strength f=600 MPa and ultimate strain
£u=10% (Aq60 grade). All structural elements have a concrete cover equal to 25 mm.

Fig. 1 The “Ciolo” Bridge in 1967 (left) and the numerical model of the “Ciolo” bridge (right).

3.1 Description of the numerical model

The finite element model of the case study bridge was realized in STKO [15]. The structural elements
were modelled using beam elements, except for the upper slab, which was simulated including rigid
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diaphragm constraints for the deck beam, as shown in Fig. 1 (right). For the sake of simplicity, the
geometric details of structural elements, such as rings and countersinks, were neglected in this study.
Pinned restraints (Ux, Uy and Uz) were included at both ends of the arch and of the slab to simulate
boundary conditions furthermore, access ramps were neglected in this study. Additionally, spandrel
beams were assumed as rigid elements, by setting equalDOF constraints at all their nodes.

The mechanical behaviour of the arch, the struts and the deck beams was simulated through a
smeared plasticity approach, adopting fiber-based non-linear beam elements. The stress-strain relation-
ship of materials characterizing fiber sections was defined using Concrete02 and hysteretic mechanical
model for concrete and steel rebars, respectively. Referring to spandrel beams, elastic beam elements
were used.

3.2 Modelling of degradation phenomena

According to Tuuti's model [16], the service life of the structure exposed to corrosion can be divided
into two periods: the trigger period and the propagation period, as shown in Fig. 2 (left). During the
trigger stage, corrosion penetration is zero and only concrete creep occurs. In the propagation stage
corrosion takes place, resulting in loss of the reinforcement cross sectional area and in the decay of the
mechanical properties of steel, as shown in Fig. 3 (left and right). For the considered elements, the
corrosion initiation time, tcorr, was computed by substituting the depth of concrete cover in (1). Since
all elements had the same concrete cover depth, the resulting value of tcorr was equal to 12 years.

In order to account for concrete creep, a time-dependant reduction factor for Young’s modulus was
used, as shown in equation (6). The evolution of the elastic modulus is depicted in Fig. 2 (right).
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Fig. 2 Trigger period and propagation period for the “Ciolo” bridge (left). Decay of elastic mod-
ulus due to creep (right).
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Fig. 3 Decay of yielding strength and tensile strength of the steel (left). Decay of ultimate strain
of the steel (right).
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As said before, concrete region surrounding reinforcement bars is affected by corrosion. To account for
this aspect, the cross-sections of elements were divided into two regions: an inner core and a degraded
region, including the concrete cover and an inner layer with depth equal to twice as the rebar diameter,
as suggested by [10]. An example of such partition is depicted in Fig. 4 (left), where the green layer
represents the degraded region and the grey area is the un-degraded inner core. Recent studies showed
that the degraded area of the concrete should be defined through a circle having centre corresponding
to the reinforcement rebar axis and with diameter equal to the depth of the cover [17], however, a more
conservative and simplified approach was adopted in this study. The adopted approach allowed modi-
fying the mechanical behaviour of the outer region of concrete cross-section depending on the corrosion
penetration, as shown in Fig. 4 (right). On the contrary, the mechanical behaviour of the inner core was
kept constant.

In summary, only the elastic modulus of concrete was reduced over time until the time of corrosion
initiation, whereas both mechanical properties of steel and concrete in the outer region were reduced
during the propagation period.

0 20 40 60 80 100 120

:.. Time [years]
Fig. 4 Cracked region (green) and inner core (grey) for the cross-section of a square column (left)
and decay of concrete compressive strength (right).
4 Numerical analysis of the bridge

With the aim to evaluate the structural behaviour as a function of degradation phenomena, non-linear
Push-down analyses were carried out on the bridge at different time periods starting from construction
time.

Firstly, a gravity load analysis was performed considering both the structural and non-structural
dead loads and a live load equal to 8 kN/m?, as defined by the Italian building design code [18]. Since
the upper slab was not explicitly modelled, its relative non-structural and live loads were applied to the
longitudinal beams, according to the tributary length method. As a result, the sum of dead and live loads
was equal of 17.6 kN/m and 8.8 kN/m for central and side beams, respectively. At the end of the gravity
load analysis, the push-down analysis was carried out using a loading protocol with magnitude propor-
tional to that of the sum of dead and live load. The push-down load value was increased up to structural
collapse. Further details of the analysis performed are provided in the following.

4.1 Push-down analysis setting

The pushdown analysis was performed in displacement control, by setting the control node at the top
of the arch. The adoption of displacement-controlled protocol allowed to detect the post peak branch in
the load-displacement curve, in order to reliably assess the achievement of collapse. An example of the
obtained pushdown curve is depicted in Fig. 5 (left). Because of the static scheme of the bridge ana-
lysed, the response is nearly elastic up to structural failure. In the initial stage, only minor cracking was
obtained, while structural collapse occurs because of the failure of the longitudinal beams in corre-
spondence to the connection to central walls. Such failure mode causes a noticeable load drop in the
curve.

Since the main purpose of this study is to assess the influence of the degradation phenomena on the
load-bearing capacity, the post-peak branch was not included in the curves discussed in the following.
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As previously stated, several pushdown analyses were carried out to account for the evolution over
time of degradation phenomena. Since the major decay of the elastic modulus occurs in the first years,
analyses were carried out every year until the fifth year in order to detect its influence on the structural
response. After this threshold, time-steps were set every five years. From year 15 to year 24, analyses
were carried out every 3 years to detect the effect of the corrosion phenomenon on the load-bearing
capacity. The push-down analyses were carried out up to the 24th year, since strengthening interven-
tions were carried out on the bridge in 1992 and then the structural behaviour was modified.

The outcomes summarized in Fig. 5 (right), show that up to corrosion initiation time (grey curves)
the load-bearing capacity of the bridge is almost constant however, the stiffness sharply decreases due
to creep. When corrosion takes place (red curves), both load-bearing capacity and ultimate displacement
decrease, due to loss of performance of the mechanical properties of materials.
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Fig.5 Pushdown curve of the “Ciolo” Bridge in the undamaged state (left) and as a function of

degradation phenomena (right).

The results obtained from the pushdown analyses were used to define the functionality curve of the
case study bridge, which shows the evolution of the load-bearing capacity over time (Fig. 6). This curve
may be useful to predict the performance of the bridge over time and to identify the time for required
retrofit intervention, based on lower bounds of the performance level. It is worth mentioning that func-
tionality curve was computed up to 24 years after construction (i.e. 1992), because major strengthening
interventions were carried out between 1992 and 1994. The presence of such interventions leads to a
“jump” in the curve in correspondence to the retrofit year and was neglected in this study. Future works
will be addressed at computing functionality curve evolution after retrofit time.
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Fig. 6 Functionality curve of the “Ciolo” Bridge.
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5 Conclusions

In this study, a simplified model with embedded damage of a RC arch bridge located nearby the coast
was developed, aiming to define the structure functionality curve. The outcomes confirmed that the
reinforcement corrosion is the main cause of degradation in RC structures, and it is closely related to
construction details and quality of materials, such as cover depth and concrete porosity. Particularly,
no losses in load-bearing capacity were detected in the functionality curve up to the triggering time. In
fact, the only mechanical property decay within the triggering period is related to creep, which only
affects global stiffness. After corrosion initiation time, load bearing capacity is related to cross-sectional
area reduction of reinforcing rebars.

The functionality curve developed may be a useful tool for stakeholders to monitor the structural
performance, prioritize retrofitting and define the maintenance strategies. Several aspects of this com-
plex and innovative topic, such as the influence of degradation processes on the seismic response and
influence of strengthening interventions on functionality curves, are demanded to future works.
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