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Abstract: Existing reinforced concrete (RC) buildings in Europe have generally been designed with-
out proper consideration of seismic actions and capacity design principles, and thus they tend to be
vulnerable to earthquakes. Moreover, since a significant proportion of the aforementioned buildings
were developed during the 1950s and 1960s, they are currently close to the end of their service life.
Therefore, seismic assessment of existing RC building is a major issue in structural engineering and
construction management, and the related seismic analyses should take into account the effect of
material ageing and degradation. This paper proposes a practice-oriented procedure for quantifying
seismic reliability, taking into account the main effects of carbonation-induced degradation phenom-
ena. It summarizes the main aspects of the most up-to-date models for the seismic degradation of
concrete and RC members and shows how nonlinear static (pushover) analyses can be utilized (in
lieu of the most time-consuming non-linear time history analyses) in quantifying seismic reliability
with respect to the performance levels of relevance in seismic engineering. A relevant case study is
finally considered with the aim to showing how some parameters, such as exposure class and cover
thickness, affect the resulting seismic reliability of existing RC buildings.
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1. Introduction

In Europe, the vast majority of reinforced concrete (RC) structures were built in areas
classified as non-seismic at the time of construction and before seismic codes came into
force [1]. Moreover, they are generally close to the end of their design service life, as their
construction periods generally date back to the post-WWII period [2].

Furthermore, a huge number of these structures may be affected by severe material
degradation phenomena, since classical procedures adopted in concrete structure design
have often failed to achieve sufficiently durability [3]. Consequently, both designing
durable RC structures and handling the degradation phenomena possibly developing in
existing ones are timely challenges in modern structural engineering [4].

In the last few decades, great effort has been spent in the mathematical modelling
of corrosion induction due to different degradation phenomena, such as carbonation,
chloride ingress, alkali aggregate reaction and frost [5]. A series of parametric studies have
been performed in order to formulate semi-probabilistic and full-probabilistic methods,
which are applicable for service life design purposes and for existing objects, including the
effects of both environmental and material parameters (that may require proper structural
investigation) [6].

A relevant consequence of such studies was the introduction of environmental ex-
posure conditions for concrete structures in EN 1992-1-1:2004 [7], with the aim being to
introduce practice-oriented criteria regarding the choice of both material properties and
the proper concrete cover thickness.
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Among the various degradation phenomena of relevance, carbonation-induced degra-
dation is certainly the most common, as all RC structures are exposed to atmospheric CO2.
Although it may induce milder degradation effects than other phenomena (e.g., chloride
ingress) possibly affecting steel rebars [8], it is more widespread and leads to carbonation of
the concrete cover, resulting in depassivation and, consequently, reinforcement corrosion.

Experimental tests carried out on RC members have shown that their load carrying
capacity, together with their ductility properties, decrease as the level of rebar corrosion
increases [9]. Several studies have been developed with the aim being to propose modified
constitutive laws in order to take into account material degradation phenomena affecting
both concrete and reinforcement [10].

Moreover, other formulations have been proposed in order to quantify the influence of
rebar corrosion on member capacity [11]. Recent numerical simulations of structural seismic
behaviour (in terms of Pushover curves), considering the effects of carbonation-induced
degradation at different ages of the structural life, clearly demonstrated a pronounced
capacity degradation, confirming that the observed cross sectional strength reduction
reverberates its effects upwards at the structural scale [12].

In principle, the safety and serviceability assessment of RC structures should consider
the time-dependent variation of the structural response due to degradation phenomena [13].
Adopting a fibre discretisation of transverse sections, it is easy to implement the progressive
effects of material degradation (in terms of loss of concrete cover and the reduction in steel
rebar area) in the structural model [14].

In reality, the increasing deterioration of concrete as well as the progressive corrosion
of reinforcing bars may lead to significant a reduction in structural reliability, with respect
to the initial values at both ultimate and serviceability limit states [13].

The “2000 SAC/FEMA” is one of the most well-established reliability and risk assess-
ment methods, specialised for seismic problems [15,16]. This method aims to provide a
closed-form (and easy to compute) expression for the risk, written according to the classical
reliability formulations.

Although the original formulation of the SAC/FEMA method does not take into ac-
count the time-dependent variation of the structural response, possibly due to degradation
phenomena, recent extensions have been proposed, with the aim being to include the
time-variant nature of the structural response [17]. Specifically, this evolution leads to
defining an “equivalent constant rate” (ECR) of degradation, which allows for maintaining
a code-compatible format based on the mean annual frequencies (MAFs) of exceedance.

The aforementioned procedures provide structural engineers with somewhat simpli-
fied methodologies for the assessment of seismic risk, namely the mean annual probability
PLS of a structure to achieve a given limit state (LS) as exposed to a seismic hazard described
by hazard curves.

In addition to their simple conceptual framework, they require carrying out a huge
number of non-linear time history analyses that are increasingly time-consuming as the
level of detail of the numerical models increases, as is usually required to achieve a sufficient
accuracy in simulating the structural response of the existing structures. In particular,
incremental dynamic analyses (IDA) have to be carried out on structures with the aim to
obtain a “median” relationship between a seismic “intensity measure” (IM) and a relevant
“engineering demand parameter” (EDP) and the corresponding dispersion due to record-
to-record variability [18].

However, in the scientific literature, simple alternatives to IDA have been proposed.
Both procedures rely on the application of the N2 method [19], considering demand spectra
characterized by an increasing value of the intensity parameter (namely, the pseudo-
acceleration at the fundamental period of vibration of the structure) with the aim of directly
obtaining the relationship between the seismic demand D and the intensity measure Sa. On
the one hand, the so-called “incremental N2 method” (IN2) [20] considers design spectra
to obtain the average relationship between IM and EDP, whereas an alternative proposal
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is based on representing demand by means of a set of natural spectra with the aim of
reproducing the record-to-record variability [21].

Moreover, three different (ideally alternative) methods of seismic reliability assessment
of RC and masonry structures are proposed in CNR-DT 212/2013 [22]. The main difference
between those methods consists of the suggested analysis methodology, together with the
required computational effort. Recent comparative analyses among these methods were
developed with the aim of validating the simpler methodologies, based on static analyses,
comparing their results with the outcomes of dynamic analyses, which are meant to be the
most accurate ones [23].

The present paper proposes a general practice-oriented framework and some pre-
liminary results about the evaluation of seismic reliability of RC structures affected by
carbonation-induced degradation phenomena. To this end, a simple yet mechanically
consistent implementation of the effects of material degradation in a structural analysis
model is described. Then, the results obtained for nonlinear static (pushover) analyses are
utilised to obtain reliability evaluations by means of well-established methodologies. The
outcomes of some parametric analyses are presented in order to quantify the evolution of
PLS (seismic risk) resulting from alternative scenarios involving different environmental
exposures, material properties and structural detailing in terms of concrete cover.

2. Outline of Theoretical Models for Carbonation-Induced Degradation Phenomena

Since carbonation-induced degradation can have a great impact on the structural
behaviour, recently, new conceptual frameworks have been formulated with the aim of
designing the service life of new RC structures and analysing existing ones by taking into
account the degradation processes possibly induced by environmental exposure [24]. The
fib Model Code 2010 [25] provides researchers and practitioners with a wide report of the
most recent models available in the literature for simulating the degradation processes and
their consequences on the structural response of members and structures.

2.1. Carbonation and Corrosion Models

In this context, the well-known Tuutti’s model for the degradation of structures is a
classical conceptual tool employed to describe the time-evolution of the effects of concrete
degradation in RC sections [26].

The diffusion of carbonation inside concrete covers is generally derived from the
well-known Fick’s law. The depth of the carbonated layer of concrete can be expressed as a
function of the square root of time t, and the following expression can be obtained for the
depassivation time td [24]:

td =

2·ke·kc·
(

kt·R−1
ACC, 0 + εt

)
·Cs·t2·Wt

0(
d′ − φ

2

)2


1

(2·Wt−1)

(1)

where:

- ke is environmental function (-);
- kc is execution transfer parameter (-);
- kt is regression parameter (-);
- RACC,0

−1 is inverse effective carbonation resistance of concrete ((mm2/years)/(kg/m3));
- εt is error term;
- Cs is the CO2 concentration (kg/m3);
- Wt is the weather function, intended at simulating the effects of driving rains on

carbonation of the member under consideration (-).

It is worth highlighting that RACC,0
−1 is strongly related to the chemical composition

of concrete, which can be represented by an “equivalent water cement ratio”, as defined
in [27]. In particular, RACC,0

−1 decreases as the water cement ratio decreases. Consequently,



Appl. Mech. 2021, 2 823

a proper consideration of water cement ratio at design stage can increase the structure
durability itself.

Further relevant information about mathematical expressions and statistical defini-
tions assumed for the above parameters can be found in the original work [6].

Depassivation ideally triggers oxidation and, hence, the corrosion of steel reinforce-
ments. A linear model can be considered to describe the time evolution of bar radius loss
xcorr as follows [25]:

xcorr(t) = Vcorr·wt·(t− td) (2)

where the two parameters Vcorr and wt, representing the rate of corrosion and a weather
function, depend on the environmental exposure class which the member is subjected
to [5].

As for concrete cracking and spalling, crack width is supposed to grow linearly right
after td, and a conventional value wcr = 0.05 mm is assumed to define “visible” crack
opening. Specifically, the following expression is assumed in the present study:

w = 0.05 + β·[p· (t− td)− p0] (3)

where:

- β is a parameter controlling propagation (-);
- p (t − td) is a measure of the propagation phenomenon (mm), which can be equalled

to the loss of radius in steel bars xcorr(t).

The following expression is assumed for p0:

p0 = a1 + a2·
d′ − φ

2
φ

+ a3· ft, sp (4)

where:

- (d’ − φ/2)/φ is the ratio between the initial concrete cover and the initial bar diame-
ter (mm);

- ft,sp is the splitting strength of concrete;
- a1, a2, and a3 are calibration parameters.

Consequently, the value tcr can be obtained by solving Equation (2) with respect to time
t and after imposing xcorr(tcr) = p0 given by Equation (4). The values assumed for both β in
Equation (3) and a1, a2, and a3 in Equation (4) are consistent with the mean and regression
values determined as part of the DuraCrete Project [28]. Then, the splitting condition in the
concrete cover can be determined when w in Equation (3) reaches a given threshold limit,
which in the present study is assumed as ws = 1 mm. The value of ts (spalling time) can be
easily derived by solving Equation (3) with respect to t, for w = 1 mm.

Therefore, Equations (1)–(4) can completely describe the time evolution of the relevant
degradation phenomena driven by concrete carbonation, which lead, on the one hand, to a
reduction in bar radius (from td on) and, on the other hand, to the (linearly) progressive
loss of concrete cover between times tcr and ts.

Finally, it is worth highlighting that the models summarised above are utilised in
a deterministic way, with the aim being to understand the influence of the relevant pa-
rameters of the member and structural response in RC frames. However, the parameters
controlling Equations (1)–(4) need to be defined in statistical terms with the aim of covering
both uncertainty and randomness affecting their predictions.

2.2. Influence of Rebar Corrosion on the Chord Rotation

It is expected that material degradation can affect the member capacity under seismic
actions. Recent studies highlighted that steel corrosion not only causes a reduction in
the cross-sectional area of rebars, but also shows similar effects on the ductility and on
stress–strain relationships of the corroded reinforcement [11]. Many formulations have
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been proposed in order to take into account the decrease in both capacity and ductility of
reinforcement [10].

Moreover, extending these observations to the structural behaviour of ageing struc-
tures, it is worthwhile to account for a reduction in capacity in terms of chord rotation,
which becomes higher as the mass loss (ψ) of reinforcement increases. This correction of
the time-independent capacity formulations could be provided by a bilinear formulation:

αCOR =
θU(ψ)

θCNR−DT 212/2013
=

{
a− b·ψ , i f ψ ≤ ψlim

a− b·ψlim − c·(ψ− ψlim) , i f ψ > ψlim
(5)

The parameters of this bilinear formulation depend on the longitudinal rebar diameter
and are available in [11]. In each case, the capacity decay is more pronounced for values of
mass loss less than ψlim = 10%.

3. Outline of the Bases of Reliability Analysis
3.1. Risk Evaluation Methods
3.1.1. The “2000 SAC/FEMA” Method

This framework aims to provide criteria based on desired performance objectives,
which are defined as specified probabilities of exceeding a certain performance level.

To do so, the probabilistic representations of the three aforementioned elements are
needed. Normally the general design approach considers demand “D” and capacity “C”
separately, comparing them in two steps at the displacement or drift level.

The method relies on the following hypotheses:

• the pseudo-acceleration value Sa(Tf) corresponding to a period T close to the fun-
damental period of the structure Tf is often assumed as the intensity measure (IM)
for seismic signals which can be scaled for covering the entire relevant integration
domain;

• to quantify seismic response of structures, a consistent engineering demand parameter
(EDP) is defined. While a comparative analysis of those parameters can be found
in [29], in the present paper, chord rotation is considered as the demand measure, as
usually adopted in similar applications;

• demand “D” is a log-normal random variable, characterized by the median value
D̂. The relationship between the intensity measure sa and the median demand D̂ is
assumed to be a power law, as follows:

D̂ = a·sb
a (6)

where the constants a and b have to be determined through dynamic analyses using a
sufficiently wide number of recorded accelerograms [16,18].

This regression curve should be combined with the drift capacity representation and
with the hazard function to produce PLS, the annual probability of achieving a certain limit
state (e.g., collapse or life safety level). Probabilistic seismic hazard analysis (PSHA) defines
(on regional basis) the hazard function H(sa), which gives the annual probability that the
(random) intensity Sa at the site will be equal to or exceed the level sa. This curve can be
reasonably approximated as follows:

H(sa) = P(Sa ≥ sa) = k0·s−k
a (7)

Using the total probability theorem, it is possible to express the drift hazard curve
HD(d): the MAF that the drift demand D exceeds any specified value d, given an intensity
measure Sa from the hazard curve. In discrete form, the drift hazard curve is given by:

HD(d) = P[D ≥ d] = ∑sa,i
P[D ≥ d|Sa = sa,i]·P[Sa = sa,i] (8)

having expanded the probability of interest by conditioning on all possible levels of
ground motion.
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Based on the above hypotheses, the following expression can be derived for the
probability of the structure to achieve the limit state LS, as shown in [21];

PLS = H
(
Sa
( ˆCLS

))
· exp

(
k2

2 b2

(
β2

D + β2
C,LS

))
(9)

The probability obtained through Equation (9) is basically obtained as the product of
two factors whose meaning can be easily understood:

• H
(
Sa
( ˆCLS

))
is the annual probability of occurrence of an earthquake whose intensity

Sa is larger than the value sa, which corresponds to a median demand equal to median
capacity for a given Limit State ( ˆCLS = D̂). Hence, this term represents the probability
for the structure to achieve the LS of interest considering both capacity and demand
as deterministic variables: the former one is defined as a function of the geometric
and mechanical model of the structure members and the latter one is basically defined
as a function of the seismic intensity measure;

• exp
(

k2

2 b2 (β2
D + β2

C,LS)
)

represents a magnification factor (MF) accounting for the
probabilistic nature of seismic demand (the “record-to-record” variability, related to
the accelerograms chosen for the analyses) and structural capacity. In particular β2

D
and β2

C,LS represent the variances of demand and capacity (associated with a certain
LS), both regarded as random variables log-normally distributed.

Moreover, assuming that capacity is deterministic, its eventual dispersion around the
median value is neglected for each limit state. Thus, the abovementioned PLS turns in the
following expression, where obviously the magnification factor takes into account only the
probabilistic nature of seismic demand:

PLS = H
(
Sa
( ˆCLS

))
· exp

(
k2

2 b2 β2
D

)
= k0·

(
EDPLS

a

)− k
b
· exp

(
k2

2 b2 β2
D

)
(10)

3.1.2. The Equivalent Constant Rate (ECR)

The concepts of exceedance probabilities of “10% in 50 years” integrated into our
design methodologies may be modified as degradation phenomena occur.

This concept represents a homogeneous Poisson process with a constant rate of PLS,
which gives the probability “p” of exceedance over the lifetime of Td years as

p = 1− exp(−PLS Td) (11)

Nevertheless, the assumption of a constant rate PLS may not be adequate for all the
structures that are subjected to relevant environmental actions, that slowly degrade their
capacity over time. As time increases and the degradation phenomena takes place, not only
does the median capacity of the structure decrease, but also the uncertainties associated
with the degradation process may change.

Vamvatsikos and Dolšek [17] clearly showed that, when the rate of degradation is
relatively close to linear, it is possible to derive simple formulations aiming to describe an
equivalent constant rate (ECR) associated with the lifetime Td, approximately equal to the
service life of the structure itself.

PECR
LS =

α

1− exp(−α·Td)

∫ Td

0
PLS(t)· exp(−α·t) dt (12)

where:

- PLS(t) expresses the time-evolution of PLS and, according to the authors, could be
approximately derived from the regression parameters that describe the evolution of
seismic demand and its dispersion during time;

- α is the societal discount rate, which can be fixed for instance at 0.1%. In this case, the
ECR will be approximately equal to the average rate, defined in the following lines.
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Alternatively, it is possible to evaluate an average rate (AVG) applying the median
theorem at PLS(t) on the whole range [0, Td].

PAVG
LS =

1
Td

∫ Td

0
PLS(t) dt (13)

Assuming that structure capacity degradation during the time period is described by
a power law and that the dispersion increases linearly with time, it is possible to derive a
closed-form expression of ECR. The complete analytical formulation is available in [17].

3.2. Analysis Procedure
3.2.1. Use of Nonlinear Static (Pushover) Analysis

In order to formulate a practice-oriented procedure, the first contribution introduced
by the present paper consists of extending the use of pushover analysis to seismic reliability
assessment, considering its cost-effectiveness in terms of computational costs with respect
to the usual procedures based on dynamic analysis [21].

In particular, among the analysis methodologies proposed in CNR-DT 212/2013 [22],
“Method C” is employed herein. Recent research showed that “Method C” can lead to an
estimation close to that of “Method A”, which is thought to be more accurate [23].

However, it is necessary to evaluate the variability of seismic demand, employing
natural spectra, directly derived by the same recorded accelerograms which could have
been utilized for time-history analyses in IDA. Natural spectra, with their rough shape, can
be directly utilized to apply the N2 method, with the aim of reproducing the record-to-
record variability, which is typical of time-history analyses.

The method proposed in the present paper relies on the availability of a pushover
curve representative of the inelastic behaviour of the structure. In order to simulate the
inelastic response of the frame, it may be suitable to adopt a fibre formulation model that
distributes plasticity by means of numerical integrations through the member cross sections
and along the member length. In the present work, a concentrated-plasticity model is
adopted for beam elements, making use of the OpenSEES [14] “beam with hinges” element,
while the distributed-plasticity OpenSEES “nonlinear beam-column” element is employed
to model column behaviour.

Uniaxial material models are defined to capture the nonlinear hysteretic axial stress–
strain characteristics in the cross sections. The plane-sections-remain-plane assumption is
enforced, where uniaxial material “fibres” are numerically integrated over the cross section
to obtain stress resultants (axial force and moments) and incremental moment–curvature
and axial force–strain relationships. The cross sectional parameters are then integrated
numerically at discrete sections along the member length, using displacement or force
interpolation functions [30,31].

3.2.2. Seismic Demand Determination

As anticipated in the previous paragraph, for each natural spectrum, the spectral
ordinates (in terms of acceleration) should be divided according to the spectral acceleration
Sa(Tf) corresponding to the natural period of vibration Tf. Consequently, it is possible to
scale the natural spectra in order to cover the entire relevant integration domain.

The displacement demand for the SDOF (whose period of vibration is T*) equivalent
to the given MDOF structure can be easily derived making use of the N2 method, providing
reasonably accurate results [19]:

T∗ = 2π
√

m∗/ksec (14)

Rµ = (µ− 1)·T
∗

TC
+ 1, T∗ < T0 = TC (15)

Rµ = µ, T∗ ≥ T0 = TC (16)
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where

- µ is the ductility factor, defined as the ratio between the maximum displacement and
the yield displacement;

- Rµ is the reduction factor due to ductility (i.e., due to hysteretic energy dissipation of
ductile structures);

- T0 is the transition period, which is assumed to be equal to the characteristic period TC,
which represents the intersection between the constant pseudo-acceleration branch
and the constant pseudo-velocity one according to the Newmark and Hall idealization
of seismic spectra [32].

For each spectrum, the reference period TC is calculated as follows:

TC = 2π·max(SV)

max(Sa)
(17)

where max(SV) and max(Sa) are, respectively, the maximums of the spectral velocity and
the spectral acceleration.

Figure 1 represents a sample (graphical) application of the N2 method employing
one natural spectrum characterizing a characteristic period TC = 0.45 s, scaled by a scale
factor (SF) equal to 2.75 m/s2. The elastic demand spectrum is represented in the ADRS
format, while the capacity curve is represented in terms of Vb/m* (ratio between base shear
force and participant mass) and ∆top (top displacement). Since T* is approximately equal to
0.85 s, the equal-displacement rule is applied—Equation (16)—in order to determine the
seismic displacement demand ∆top, demand.
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3.2.3. Evaluation of the PLS and Extension to the Case of Ageing Structures

Firstly, the seismic demand is evaluated for each accelerogram and for different values
of the scaling factor compatible with structure displacement capacity.

Then, it is necessary to evaluate not only the intensity measures (IM) corresponding to
the EDP associated with each limit state using Equation (6), but also the dispersion (namely,
the variance of the log-normal random variable “D”) at each relevant level of IM.

As previously anticipated, the second contribution introduced by the present paper
regards the evaluation of dispersion measures, using static analyses rather than incremental
dynamic ones. Dispersion is measured by means of variance β2

D of the random variable
“D” (demand), regarded as log-normally distributed.
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Thus, it is possible to compute the PLS for each relevant limit state using Equation (10).
To this end, the evaluation of the maximum of chord rotation (EDP, lim) for each limit state
is realized following the prescription of CNR-DT 212/2013 [22].

As highlighted in Section 2.2, the maximum values of chord rotation (EDP, lim) also
depend on the mass loss of rebars, since they are determined by means of Equation (5).

The third contribution presented herein consists of extending the previous results
(which refer to a certain time of structural age) to the case of ageing structures, in order to
quantify the influence of carbonation-induced degradation on the seismic capacity.

The above procedure must be repeated by modifying the material properties and the
values of EDP, lim in accordance with degradation models available in the literature [11,24].
The degradation of materials, which can be represented by a reduction in both concrete
cover thickness and steel rebars area, can be easily implemented by modifying the geometric
parameters of the fibre discretisation of a transverse section adopted in the OpenSEES
model [14].

These changes obviously affect the results of pushover analyses [12], and, thus, the
resulting seismic demand and the PLS.

Repeating such analysis at different steps of the structural age, some interpolating
functions expressing the PLS evolution during time should be evaluated, enabling the
evaluation of the equivalent constant rate (PLS

ECR) and the average rate (PLS
AVG) expressed

in Equations (12) and (13).
Specifically, linear regression is adequate to capture the time evolution of PLS, enabling

the evaluation of the aforementioned PLS
ECR—Equation (12)—with a closed-form solution.

Hence, it is interesting to compare for each limit state the PLS for a structure, whose
behaviour is thought of as time-independent, to the PLS

ECR, which takes into account the
outlined aspects of material degradation phenomena.

4. Parametric Analysis
4.1. Structure Presentation

In the present study, a four bay-four storey RC frame was considered. It was ideally
drawn from a residential building. The frame is characterized by a uniform bay width
of 4.50 m and a story height of 3.50 m. Its members are reinforced by φ = 14 mm rebars.
An example of a members cross section is represented in Figure 2a,b. With reference to
Figure 2, for the internal columns of the first two storeys bc = 40 cm and hc = 50 cm, while
in all the other cases bc = 30 cm and hc = 50 cm. Only at the top floor, the beam section
is characterized by bt = 30 cm and ht = 55 cm, while in the other cases, bt = 30 cm and
ht = 60 cm. The slab thickness is equal to hs = 25 cm.
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C20/25 concrete and Aq42 rebars were implemented in the analysis with the aim
of reproducing typical material properties of existing RC buildings built in the 1970s
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and 1980s that are supposed to be close to the end of their theoretical service life. The
material properties of reinforcement were inspired by the work by Verderame et al. [33]. An
equivalent water cement ratio equal to 0.60 was thought to be representative of the chemical
composition of concrete. The median value of RACC,0

−1 was obtained by employing the
correlations reported in [27], as highlighted in Section 2.1 of the present paper.

The PSHA of reference concerns Avellino, a city located in Campania in Southern
Italy. The soil class is “B”; consequently, according to Italian Code [34], the soil factor SS
assumed values up to 1.20. Table 1 shows the principal variables describing the PSHA of
the chosen site.

Table 1. PSHA variables for the city of Avellino, Campania, Italy.

TR ag F0 TC CC SS
[years] [g] [-] [s] [-] [-]

30 0.053 2.342 0.282 1.417 1.200

50 0.070 2.316 0.311 1.389 1.200

72 0.084 2.332 0.326 1.377 1.200

101 0.099 2.344 0.335 1.369 1.200

140 0.116 2.351 0.342 1.363 1.200

201 0.137 2.354 0.351 1.356 1.200

475 0.196 2.371 0.367 1.344 1.200

975 0.253 2.430 0.379 1.336 1.154

2475 0.336 2.497 0.403 1.319 1.065

In the present work, the 22 ground shaking records suggested by FEMA [35], taken
from “PEER Strong Motion Database Record” [36], were used, selecting only the principal
component in the horizontal direction.

4.2. Material Degradation Modelling

The degradation of materials, which can be represented by a reduction in both concrete
cover thickness and steel rebars area, can be easily implemented by modifying the geometric
parameters of the fibre discretisation of transverse section adopted in the OpenSEES
model [14]. For the sake of simplicity, a uniform degradation process was assumed on
all sides of the cross section and throughout the whole element length, both for beams
and columns.

The degradation models outlined in Section 2 could be employed with the aim of
describing the time evolution of the nonlinear behaviour of the RC frame.

As reported in Section 2.1, the parameters controlling Equations (1)–(4) were mod-
elled as random variables normally distributed, since their prediction is affected by both
uncertainty and randomness. Consequently, it was interesting to investigate the influence
on PLS of the fractiles employed in the aforementioned models.

In particular, the most important parameters controlling the degradation are the
inverse effective carbonation resistance of concrete RACC,0

−1 and the rate of corrosion Vcorr.
The first one has a noticeable influence on the depassivation time, while the second one
measures the velocity of the corrosion process.

Specifically, in the present analyses, two different scenarios were examined:

• Scenario 1: median (50%) fractiles are used to evaluate RACC,0
−1 and Vcorr;

• Scenario 2: 95% fractiles are used to evaluate RACC,0
−1 and Vcorr.

The second scenario represents very severe degradation conditions, when compared
to the first one, dramatically reducing the depassivation time and increasing the rebar
mass loss.
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4.3. Parametric Field

With the aim of demonstrating the influence of carbonation-induced degradation on
the seismic capacity of the structure at the global level, pushover analyses were carried
out at different steps of structural age (from 0 to 50 years with steps of 10), under different
environmental conditions and design cover thickness d’ (or, similarly, concrete cover
a = d’ − φ/2). Two different scenarios for the rate of degradation were considered, as
reported in the previous paragraph.

Specifically, Table 2 resumes the parametric analysis investigated. The effects of a
variation of these parameters at the boundaries of the range considered in the present study
are reported in the following paragraphs.

Table 2. Parametric analysis.

Exposure
Class

Design
Cover [mm]

Time
[years]

Fractiles for Degradation Parameters
RACC,0

−1 and Vcorr

XC2 20 From 0 to 50 (steps of 10) 50% (Scenario 1); 95% (Scenario 2)
XC2 30 From 0 to 50 (steps of 10) 50% (Scenario 1); 95% (Scenario 2)

XC3 20 From 0 to 50 (steps of 10) 50% (Scenario 1); 95% (Scenario 2)
XC3 30 From 0 to 50 (steps of 10) 50% (Scenario 1); 95% (Scenario 2)

XC4 20 From 0 to 50 (steps of 10) 50% (Scenario 1); 95% (Scenario 2)
XC4 30 From 0 to 50 (steps of 10) 50% (Scenario 1); 95% (Scenario 2)

The consistency of the proposed approach was demonstrated by reporting some
results of analyses carried out at structural scales for the frame, evaluating the differences
between the failure probability (in terms of return period) computed, neglecting the time-
dependent variation of the structural response and the aforementioned equivalent constant
rate and the average rate.

4.4. Application
4.4.1. Time-Evolution of Pushover Curves

In Figures 3a,b, 4a,b and 5a,b, a synthetic representation of the time-evolution (from
0 to 50 years) of pushover curves is presented, with the aim being to show the influence of
the exposure class and the design cover on its evolution.
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Figure 3. Time evolution of the pushover curve for the 4 bay-4 storey RC frame (XC2, w/c = 0.60, RH = 55%) for different
values of the design concrete cover d’, making use of different fractiles of the degradation model. (a) XC2, d’ = 20 mm;
(b) XC2, d’ = 30 mm.
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Figure 4. Time evolution of the pushover curve for the 4 bay-4 storey RC frame (XC3, w/c = 0.60, RH = 55%) for different
values of the design concrete cover d’, making use of different fractiles of the degradation model. (a) XC3, d’ = 20 mm;
(b) XC3, d’ = 30 mm.
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Figure 5. Time evolution of the pushover curve for the 4 bay-4 storey RC frame (XC4, w/c = 0.60, RH = 55%) for different
values of the design concrete cover d’, making use of different fractiles of the degradation model. (a) XC4, d’ = 20 mm;
(b) XC4, d’ = 30 mm.

It is easy to observe that material degradation reduces the maximum base shear
force; consequently, as time increases, the demand in terms of displacement increases.
Nevertheless, in order to obtain consistent results, the choice of the proper values of the
parameters describing degradation becomes more important, as the exposure class makes
the environmental actions more severe for the structure. For instance, this choice is less
relevant in the case of XC3 than in the other cases.

4.4.2. Evaluation of Median Demand and Its Dispersion

Figure 6a,b show the interpolating function—expressed by Equation (6)—representing
median demand and demand dispersion for each level of SF in the case of XC2, d’ = 20 mm
and time t = 50 years. Dispersion should be evaluated at each increase in scaling factor
(SF), to obtain its variability with the IM.

4.4.3. Evaluation of PLS

For each limit state, the intensity measure is determined by means of Equation (6),
having fixed the values of the maximum chord rotation associated with each LS. Then,
using Equations (6) and (10), it is possible to evaluate the PLS and the return period TR,
defined as the inverse of PLS.
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Figure 6. Interpolation of median demand and demand variance for different values of the IM or
SF in the case of XC2, d’ = 20 mm, employing 95% fractiles for RACC,0

−1 and Vcorr (Scenario 2).
(a) Interpolating function of median demand in the case XC2, d’ = 20 mm, time = 50 years; (b) Variance
of demand in the case XC2, d’ = 20 mm, time = 50 years.

Tables 3–6 resume the results obtained in the case of XC2, d’ = 20 mm at the boundary
of the time span considered in the analyses.
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Table 3. Regression parameters for hazard and demand obtained at time = 0 in the case of XC2,
d’ = 20 mm.

a 1 b 1 k 2 k0
2

0.0029 0.9820 −2.0958 0.0491
1 Regression parameter for hazard curve; 2 regression parameter for demand curve at time t = 0 years.

Table 4. Results in terms of PLS obtained at time t = 0 years in the case of XC2, d’ = 20 mm.

Limit
State

EDP,lim
1

-
SF 2

m/s2
PLS,det

3

-
β2

D
-

Magnif. Factor
-

PLS,tot
-

TR
4

years

IO 0.002 0.70 0.1047 0.11 1.29 0.1347 7
DL 0.005 1.77 0.0148 0.12 1.31 0.0194 52
LS 0.011 4.04 0.0026 0.15 1.39 0.0037 274
IC 0.015 5.42 0.0014 0.15 1.40 0.0020 502

1 Drift angles associated with different LS; 2 SF related to the fixed EDP,lim; 3 part of total risk that is deterministic;
4 return period.

Table 5. Regression parameters for hazard and demand obtained at time t = 50 years in the case of
XC2, d’ = 20 mm, employing 95% fractiles for RACC,0

−1 and Vcorr (Scenario 2).

a 1 b 1 k 2 k0
2

0.0030 1.0015 −2.0958 0.0491
1 Regression parameter for hazard curve; 2 regression parameter for demand curve at time t = 50 years.

Table 6. Results in terms of PLS obtained at time t = 50 years in the case of XC2, d’ = 20 mm, employing
95% fractiles for RACC,0

−1 and Vcorr (Scenario 2).

Limit
State

EDP,lim
1

-
SF 2

m/s2
PLS,det

3

-
β2

D
-

Magnif. Factor
-

PLS,tot
-

TR
4

years

IO 0.001 0.46 0.2534 0.27 1.81 0.4583 2
DL 0.003 1.14 0.0372 0.12 1.31 0.0489 20
LS 0.008 2.56 0.0068 0.14 1.36 0.0093 107
IC 0.010 3.42 0.0037 0.14 1.36 0.0051 197

1 Drift angles associated with different LS; 2 SF related to the fixed EDP,lim; 3 part of total risk that is deterministic;
4 return period.

4.4.4. Results of the 1st Scenario: 50% Fractiles for Evaluation of RACC,0
−1 and Vcorr

Figure 7a–d show the results of parametric analysis previously outlined in terms
of return period for different limit states for the exposure classes XC3 and XC4 and for
different values of the design cover (20 or 30 mm). In the degradation model, the 50%
fractiles of RACC,0

−1 and Vcorr are employed.

4.4.5. Results of the 2nd Scenario: 95% Fractiles for Evaluation of RACC,0
−1 and Vcorr

Figure 8a–d show the results of parametric analysis previously outlined in terms of
the return period for different limit states for the exposure classes XC3 and XC4 and for
different values of the design cover (20 or 30 mm). In the degradation model, the 95%
fractiles of RACC,0

−1 and Vcorr are employed.

4.4.6. Results in Terms of Equivalent Constant Rate (ECR)

Tables 7 and 8 report for both scenarios some comparisons between the return period
“TR, 0 y”—estimated by neglecting the variation of mechanical properties due to ageing—and
the return period “TR

ECR”, estimated by means of Equation (12), which is able to take into
account the ever-changing risk faced by the building over its design life, as formulated
in [13]. The differences arising between the two and the ratios between these differences
and “TR, 0 y” are shown as well.
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Table 7. Differences between TR, 0 y, TR
ECR and TR, 50, employing 50% fractiles for RACC,0

−1 and Vcorr (Scenario 1).

Damage Limitation Limit State Life Safety Limit State

TR, 0 y TR
ECR TR

ECR − TR, 0 y TR, 0 y − TR, 50 y TR, 0 y TR
ECR TR

ECR − TR, 0 y TR, 0 y − TR, 50 y
[years] [years] [years] [%] 1 [years] [%] 1 [years] [years] [years] [%] 1 [years] [%] 1

XC2—20 mm 52 45 6 12% 16 30% 274 237 37 14% 86 31%
XC2—30 mm 49 49 0 0% 0 0% 264 264 0 0% 0 0%

XC3—20 mm 52 50 2 3% 4 8% 274 265 9 3% 23 8%
XC3—30 mm 49 49 0 0% 0 0% 264 264 0 0% 0 0%

XC4—20 mm 52 46 6 12% 14 27% 274 238 35 13% 82 30%
XC4—30 mm 49 49 0 0% 0 0% 264 264 0 0% 0 0%

1 The percentage refers to the ratio between the differences here reported and TR, 0 y.
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Figure 7. Time evolution of the return period (for each LS) for the 4 bay-4 storey RC frame (w/c = 0.60,
RH = 55%) for different exposure classes and different values of the design concrete cover d’, making
use of median fractiles of the degradation model (Scenario 1). (a) Immediate occupancy limit state—1st
scenario; (b) Damage limitation limit state—1st scenario; (c) Life safety limit state—1st scenario;
(d) Collapse prevention limit state—1st scenario.

Table 8. Differences between TR, 0 y, TR
ECR and TR, 0, employing 95% fractiles for RACC,0

−1 and Vcorr (Scenario 2).

Damage Limitation Limit State Life Safety Limit State

TR, 0 y TR
ECR TR

ECR − TR, 0 y TR, 0 y − TR, 50 y TR, 0 y TR
ECR TR

ECR − TR, 0 y TR, 0 y − TR, 50 y
[years] [years] [years] [%] 1 [years] [%] 1 [years] [years] [years] [%] 1 [years] [%] 1

XC2—20 mm 52 34 18 35% 31 60% 274 176 98 36% 166 61%
XC2—30 mm 49 32 16 33% 29 61% 264 172 92 35% 163 62%

XC3—20 mm 52 47 5 9% 9 17% 274 247 27 10% 55 20%
XC3—30 mm 49 45 4 8% 7 15% 264 239 25 9% 49 19%

XC4—20 mm 52 35 16 31% 30 58% 274 185 88 32% 161 59%
XC4—30 mm 49 34 14 30% 28 58% 264 183 82 31% 154 58%

1 The percentage refers to the ratio between the differences here reported and TR, 0 y.
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Figure 8. Time evolution of the return period (for each LS) for the 4 bay-4 storey RC frame (w/c = 0.60,
RH = 55%) for different exposure classes and different values of the design concrete cover d’, making
use of 95% fractiles of the degradation model (Scenario 2). (a) Immediate occupancy limit state—2nd
scenario; (b) Damage limitation limit state—2nd scenario; (c) Life safety limit state—2nd scenario;
(d) Collapse prevention limit state—2nd scenario.

Moreover, for both scenarios, the differences between the return period “TR, 0 y” and
the return computed at time t = 50 years “TR, 50 y” and the ratios between these differences
and “TR, 0 y” are presented.

For the sake of brevity, these return periods only deal with DL and LS limit states,
since their study is very significant for common RC structures.

4.5. Discussion

In this section, the results obtained by adopting the preliminary analysis approach are
presented. In order to highlight the influence of exposure class and design cover on the
structural response, the risk (in terms of Return Period TR) is calculated at different stages
of the theoretical structural service life Td.

Consequently, deriving an expression of the time evolution of risk, a comparison is
made between the risk calculated by neglecting the effects of environmental actions TR, 0 y

and the equivalent risk TR
ECR faced by the structure during its service life.

The principal results of this preliminary approach are summarized in the following:

• the effects of corrosion due to carbonation-induced degradation on RC members
cannot be generally neglected, especially when the design cover is up to 20 mm. In
these cases, a non-negligible loss in terms of the return period is observed on the
structure fully exposed to XC2 and XC4 environmental actions;

• if the parameters RACC,0
−1 and Vcorr are described by their median value (Scenario 1),

concrete cover thickness plays a vital role in controlling the time evolution of RC
sections. It can significantly delay the development of degradation, increasing the
depassivation time (td) from 10 years (with a 20 mm cover) to approximately 50 years
(with a 30 mm cover);

• if the parameters RACC,0
−1 and Vcorr are described by their median value (Scenario 1),

the usage of a design cover of 30 mm avoids significant reductions in the return period,
while a design cover of up to 20 mm leads to premature degradation. This result is
explained by the fact that in this condition, the depassivation time (td) is approximately
equal to the theoretical service life Td; consequently, material degradation effects arise
if the time span is expanded;
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• the preliminary approach presented in this paper can also be employed in order to
confirm the code provisions concerning the minimum values of design cover for
different structural classes and exposure classes, reported in EC2 [7] confirm that in
ordinary conditions (structural class S4), a design cover of 30 mm can grant a highly
durable performance (in the case of carbonation induced corrosion);

• if the parameters RACC,0
−1 and Vcorr are described by their median value (Scenario 1),

the effect of the reduction in columns’ chord rotation capacity is still noticeable on the
structure for exposure classes XC2 and XC4, when the design cover is up to 20 mm;

• if the parameters RACC,0
−1 and Vcorr tend to be much higher than their median value

(Scenario 2), no significant differences arise between the effect in the usage of the two
values of design cover considered in this work;

• if the parameters RACC,0
−1 and Vcorr tend to be much higher than their median value

(Scenario 2), the effects of material degradation phenomena are still not really relevant
for exposure class XC3, while they highly threaten the structural reliability for XC2
and XC4 exposure classes; indeed, in the former case, the difference between “TR, 0 y”
and “TR, 50 y” is less than 20%, while in the latter cases, this difference reaches 60%;

• the variable “TR
ECR” is a good indicator of structural ageing. As shown in Tables 7 and 8

(4.4.6.), if the difference between “TR, 0 y” and “TR
ECR” is up to 10%, the effect of

ageing may be neglected, while higher values of this difference certainly imply a
safety decrease (in terms of return period) higher than 25% (after 50 years);

• the decay observed in the return period is more pronounced for exposure classes XC2
and XC4 rather than for XC3, which is indeed referred to a “sheltered condition”;
this is consistent with the parameters describing the degradation models reported in
Section 2;

• the comparison between the two considered scenarios outlines the importance of
probabilistic representation of parameters controlling Equations (1)–(4), with particular
regard to RACC,0

−1 and Vcorr; in the present work, they are employed in a deterministic
way, although their randomness can lead to local capacity reduction that may affect
the global structural response;

• since RACC,0
−1 and Vcorr are defined in statistical terms, it seems evident that a more

conservative approach (e.g., the usage of 95% fractiles) can lead to an excessive
increase in the minimum value of design cover required to achieve a sufficiently
durable performance;

• the considerations written above appear to be valid for each limit state studied.

5. Conclusions

The present paper presents a preliminary approach for practice-oriented seismic relia-
bility analysis of RC structures affected by material degradation. Some preliminary results
are also reported with the twofold aim of showing the potential of the proposed procedure
and figuring out the influence of some relevant parameters (e.g., the environmental expo-
sure class and thickness of the concrete cover) on the resulting reliability performance of a
simple, yet widely representative, structure considered as a case study.

The obtained results show that:

• the effects of material degradation phenomena should be generally taken into ac-
count in the seismic reliability assessment of RC structures, if maintenance is not
properly realized;

• although the work deals with the common carbonation-induced degradation phenom-
ena that are relevant for all RC structures, the proposed procedure can be applied to
any degradation phenomena, with minor specifications about material modelling and
structural analysis; it is clear that carbonation-induced degradation induces a “mild”
effect in terms of degradation, although it affects the entire member length, while
other degradation phenomena (such as chloride ions attack) usually result in a local
cross sectional strength reduction;
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• the expected reduction in terms of displacement capacity induced by material degra-
dation plays a major role in reducing the seismic reliability of the structure under
consideration. As a matter of fact, the combined effect of the concrete cover loss, rebar
corrosion and EDP, lim reduction can threaten the structural reliability;

• making use of simple models available in the literature for material degradation
phenomena, it is possible to derive a simple expression of the time variation of the
structural reliability in terms of return periods TR in a linear way; this approach may be
less rigorous than the one presented in [17], but it could lead to more comprehensible
results and can be more cost-effective;

• pushover analyses can be implemented for seismic reliability assessment, utilizing
natural spectra (directly derived by accelerograms) in order to reproduce the record-
to-record variability, as well, since the results of pushover analyses (in terms of risk)
are almost equal to typical results of IDAs given in the scientific literature [16];

• the simplified procedure presented herein allows us to also explicitly predict the
durability performance granted by a certain structure: for a chosen environment (in
terms of exposure class), it is possible to compare the results of this analyses with the
EC 8 provision for structural durability [7];

• a significant variability can be expected in the resulting structural response based on
the actual rate of propagation and diffusion of the material degradation phenomena,
also within the limits foreseen by the predictive models currently available in the
literature and mentioned in the present paper.

Further developments of the present work will be directed towards implementing the
specific aspects related to other exposure classes and expected degradation phenomena
that are not included in the present paper. It will also be suitable for a comparison between
the outcomes of similar analyses and the normative prescriptions for structural durability,
extending the parametric field of interest.
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