Seismic behavior of irregular RC-Frames damaged by corrosion
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ABSTRACT: Reinforced concrete (RC) structures frequently are deteriorated by corrosion attack where
pitting morphology is the worst form of degradation. Appropriate vulnerability analyses, accounting for the
variation of mechanical properties of material during the time, give an assessment of the residual service life of
corroded structures. Aim of the present paper is to evaluate any variation in the seismic behaviour of an irregular
poor-designed RC frame subjected to the chloride attack. The progressive stiffness degradation and the effects
of higher modes are considered in the study by means of displacement-based adaptive pushover analyses.

1 INTRODUCTION

The use of reinforced concrete (RC) in residential
structures dates back the late nineteenth century, but
its maximum expansion is reached after the Second
World War. In this age, the RC material was consid-
ered almost invulnerable and then the problems re-
lated to durability were disregarded. Residential
buildings realized between the 1950 and the 1980 are
characterized by low quality materials (smooth or
slightly-ribbed steel with poor mechanical properties
and low-strength concretes) and limitation in the con-
structive details. In particular, too little attention was
paid to the thickness of concrete cover that nowadays,
is instead proportionated to the environmental aggres-
siveness. As a results, corrosion degradation is set to
become more prevalent and then a proper definition
of the residual performance of deteriorated RC struc-
tures is required (Zanini et al., 2016 and 2017; Bossio
and Bellucci, 2019).

The main forms of degradation in reinforced con-
crete structures are related to carbonation and chlo-
ride attack. In the first case, the aggressive agent is
CO,, which permeates inside the concrete with a
speed that depends on concrete strength and porosity,
carbon dioxide concentration, humidity level and am-
bient temperature. In chloride attack, the degradation
is caused by chloride ions that run through the envi-
ronments (marine structures or viaducts treated with
deicing salts) or are inside raw materials as contami-

nant agent. In each case, the alkalinity level of rein-
forcements is reduced, the iron is no longer in the pas-
sivation phase and corrosion occurs (uniform or lo-
calized as a function of the corrosion potential and pH
variation).

Analytical, numerical and experimental studies
have shown that the reinforcements’ corrosion in-
duces:

— cracking and bond-strength reductions (An-
drade et al., 1993; Coronelli, 2002; Vidal et
al., 2004; Zhang et al, 2010; Coccia et al.,
2016; Bossio et al., 2015 and 2017);

— reduction of the reinforcement cross-section,
and mechanical properties decay (Apos-
tolopoulos and Papadopoulos, 2007; Apos-
tolopoulos et al., 2013; Kashani et al, 2013a
and 2013b; Imperatore et al., 2017 );

— ductility and load-bearing capacity reduction
(Rodriguez et al., 1997; Vu and Stewart,
2000; Vidal et al., 2007, Zandi Hanjari et al,
2011; Imperatore et al., 2012 and 2016;
Kioumarsi et al., 2014-2017).

All these aspects are principally referred to struc-
tural performance under static loads, where unfortu-
nately the seismic issue is still little addressed. How-
ever, occurred earthquakes in the last decades
highlighted the high vulnerability of structures real-
ized in the post-WWII (Baiocchi et al., 2012; Ferlito
et al., 2013; Romano et al., 2018), often subjected
also to degradation phenomena, related to the ageing

This is an Accepted Manuscript of a book chapter published by Routledge/CRC Press in Advances in Engineering Materials, Structures and Systems: Innovations,

Mechanics and Applications; Proceedings of the 7th International Conference on Structural Engineering, Mechanics and Computation (SEMC 2019),
on 21/08/2019, available online:
https://www.routledge.com/Advances-in-Engineering-Materials-Structures-and-Systems-Innovations/Zingoni/p/book/9781138386969



and the environmental exposition, that cause the rein-
forcements’ corrosion.

The performance of structures affected by chloride
attack is an issue typically referred to infrastructures
treated with deicing salts: the effects of a strongly lo-
calized corrosion and the related structural problems
are nowadays evident. However, number of cases of
buildings which significantly damaged by corrosion
begin to grow, and then the problem should be ad-
dressed by a seismic perspective as well. Interesting
food for thoughts on the seismic response of corroded
building can be found in (Berto et al., 2012; Inci et
al., 2012; Bossio et al., 2018 and 2019), where the is-
sue is approached according to simplified models.
Nevertheless, even some degradation’s aspects are
disregarded, the overall decay in terms of strength,
ductility and seismic capacity is clear.

The aim of this paper is to evaluate the seismic per-
formance of RC structures subjected to different cor-
rosion scenarios by chloride attack, which, according
to the opinion of the authors, represents the deteriora-
tion phenomenon characterized by higher risk. The
study focus on the behavior of multi-storey RC frame
building, irregular in elevation and designed accord-
ing to the criteria compatible with a structural age
congruent with the considered corrosion level. To ac-
count for the safety level variation and the residual
life of the analyzed structure, both the corrosion trig-
ger time and the service life as a function of the cor-
rosion rate should be accurately defined. Moreover,
the mechanical properties decay of corroded rein-
forcements, and the consequent confinement reduc-
tion, are considered in the model; cracking and bond-
slip law variations are instead disregarded because the
chloride attack produces a localized corrosion, a deg-
radation morphology that doesn’t mix well with a
global performance decay induced by a generalized
bond deterioration.

2 EFFECTS OF THE CHLORIDE ATTACK
ON THE STEEL REINFORCEMENT

When a certain critical content of chloride ions is
achieved on the steel reinforcements, the chloride at-
tack, one of the most dangerous cause of degradation,
is triggered. In civil infrastructures (bridges and via-
ducts), chloride attack is quite widespread due to the
massive use of thawing salts, which cause a corrosion
characterized by deep pits in the reinforcements’
curbs and columns caps accompanied by extensive
phenomena of spalling of the concrete cover. On the
other hand, in RC buildings, the corrosion is related
to the transport and deposition of salts in the marine
environment and can occur even without clear degra-
dation signs; in particular, a low-alkaline concrete ex-
posed to the atmosphere may suffer of chloride attack
in presence of relatively low chloride content.

The chlorides diffusion law in the space, has been
defined only in a simplified way (Meira et al., 2008),

accounting only for the salinity at the waterline and
disregarding the other several characterizing varia-
bles (wind, humidity, temperature, chlorides distribu-
tion on both the ground and the structure, etc.)

Experimental studies on the deposition of marine
aerosols in samples placed at different distances from
the sea (Lindvall, 2007; de Rincon et al., 2007; Adam
et al., 2016; Meira et al. 2017) provide values of the
superficial chlorides concentration (hereinafter de-
fined C;), a parameter that allows to evaluate the cor-
rosion initiation time. The values assumed by C; are
extremely variable and it is very difficult to define it
uniquely. On buildings exposed to the marine envi-
ronment, the superficial chloride concentrations vary
between 0.09% and 0.85% (Medeiros et al., 2013;
Moreno et al., 2015), depending on the exposure con-
ditions, the salts concentration, the concrete strength
and porosity.

In the concrete, chloride ions diffuse with a de-
creasing concentration profile, typically studied with
the second Fick’s law (fib, 2006):

C(x,t) = C,- [1 —erf (#W)] 1)

where C(x,t) represents the total chloride content
(as percentage of the concrete or cement weight) at
the time t and at the distance x from the surface, while
Dy (cm?/sec) is the chloride diffusion speed, defined
as:

Dapp(t) = ke * Dremo * ke * A(t) ()

wherein:
— k. is an environmental parameter defined as:

kezexp[5500-< L )]

Tref Treal

— Treris the reference temperature (293K),

—  Trea the ambient temperature (K)

— Drgrcmo 1s the chloride migration coefficient
(15.8 um?/s)

— k; is an experimental parameter fixed equal to
1 in the absence of any further benchmarks;

— A(t) 1s an ageing function defined as:

o=

t

where 7y is the concrete curing duration and a
is related to the structural age.

When, on the reinforcement surface, a certain
chloride content (the critic chloride content, C,,) is
reached, the corrosion process can start. The parame-
ter C.- depends on several factors (superficial chlo-
rides concentration, concrete properties, concrete
cover thickness, humidity, temperature, etc.). Assum-
ing that the chlorides penetration is a diffusive pro-
cess that varies in time, the initiation corrosion period
may be estimated as the instant 7; in which critical
chloride content (C,) is reached.



Once that 7; has been evaluated, the corrosion pro-
cess develops with a certain rate, to properly define
as a function of the environmental conditions. Ac-
cording to (Val and Melchers, 1997), the steel con-
sumption due to the pitting corrosion at time ¢, can be
estimated as:

p(t) = 0.0116 “ icorr(T;) - Ry - (t = T}) 3)

where ic, is the equivalent corrosion current density,
depending by concrete resistivity (Andrade et al.,
2002; Liu and Weyers, 1996 and 1998) and environ-
mental conditions (Rodriguez et al., 2006).
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Figure 1. Pitting corrosion model for a corroded reinforcement.

If the pits are assumed of hemispherical shape
(Fig.1), the corroded area can be evaluated as:

2 2
Acorr(®) = |2+ (626 — sin(6: ()] + [
(62(6) = sin(8,(6)))] (4)
and the mass loss in the time can be defined as:

ACOTT’(t)
%Mcor(t) = (1 - A—o) -100 &)
Then, the reinforcement mechanical properties decay
due to a certain pitting attack can be easily computed
as (Imperatore et al., 2017):

Z—y'co”(t) =1-0.019961 - %M_,,.(t) ©)
yuncorr

Zucor® _ 4 _ 0,018642 - %6Mcory () @)
Zu_cm(t) — o1-0.0546993-%Mcory(t) (8)

The previous relationships allow defining the cor-
rosion evolution over time as a function of the spe-
cific environmental conditions. Once an appropriate
knowledge of the structure is acquired, the corrosion
propagation by chloride attack can be estimated and
related to the nominal life of the structure. By con-
trast, defining the maximum degradation level of a
structure (i.e. as a function of the seismic capacity re-
duction), the residual structural life can be estimated
once the timing of corrosion initiation and propaga-
tion has been properly defined.

3 CASE STUDY

The present study analyzes the seismic perfor-
mance of the structure represented in Figure 2, char-
acterized by a concrete with an average compressive
cubic strength of 25 MPa and a reinforcement with a
yielding strength of 370 MPa, and an ultimate stress
and strain of 545 MPa and 26%, respectively.
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Figure 2. Structural plane of the analyzed building.

All the beams present a 30x50cm? cross-section,
with 8mm-diameter stirrups with spacing of 30cm
and 14mm-diameter longitudinal reinforcements;
three upper bars and two lower bars are placed at the
supports, or two upper bars and three lower bars in
the mid-span. The columns, all characterized by a
30x30cm? cross-section, are reinforced by 4@14 bars
if externally disposed, or 8314 bars in the case of in-
ternal column; in both the cases 8mm-diameter stir-
rups, with spacing of 30cm, are ever disposed.
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Figure 3. Dependence of the percentage of corrosion at the ex-
posure time.



In Figure 3, the trends over time of the mass loss
of reinforcement due to the corrosion are represented
for different exposure classes according to EN206.
According to (Rodriguez et al., 2006), the analysis is
effected by assuming an equivalent corrosion current
density between 0.4 and 7 pA/cm?. In order to ac-
count the ratio between maximum and minimum pit
penetration, the pitting parameter is fixed equal to 6.

3,50

3,50

= ] O O

4,50 4,50 4,50 4,50 4,50

Figure 4. Structural schematization of the irregular frame.

The pushover analyses were performed on a plane
model implemented in Seismostruct software, see
Fig. 4. Each inelastic element was modeled according
to a force-based formulation characterized by the dis-
tributed plasticity approach. The concrete was mod-
eled according to the classic Mander relationship, tak-
ing into account the confinement induced by the
stirrups; for reinforcement, the classic Menegotto-
Pinto law has been employed.
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Figure 5. Capacity curves for the entirely corroded frame vary-

ing the exposure time in XD3 class: a) live load of 13.7 kN/m;
b) live load of 21.2 kN/m.

Two different load conditions were considered,
consisting in a live load of 13.7 kN/m or 21.2 kN/m
on each beam. For both conditions, the uncorroded
frame is characterized by the formation of a soft-sto-
rey at the ground floor. The structure, in fact, was in-
tentionally under-designed for the seismic loads. Due
to this peculiarity, all the possible degradation scenar-
ios result in a similar seismic performance.

The corrosion on both longitudinal reinforcement
and stirrups is introduced by means of the Equations
6-8 which modify the mechanical properties of steel
accounted for also reinforcement cross-section reduc-
tion. Consequently, the confinement varies according
to the corrosion level. For sake of brevity, only the
results obtained for XD3 exposure class are reported.
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Figure 6. Plastic hinge formation sequence for live load of 13.7
kN/m at different exposition times in XD3 class. From the top:
uncorroded (reference), 20 years of exposition, 33 years of ex-
position, 47 years of exposition.



The obtained results are presented in Figure 5,
where the capacity curves for the entirely corroded
frames are represented. The structural decay is clear:
the strength capacity decreases up the 50%, while the
displacement capacity appears less affected by corro-
sion due to the fragile seismic behavior of the refer-
ence structure. The capacity decay is related to a sub-
stantial variation of the plasticization sequence of the
structural elements as well as the number of sections
involved; in Figures 6-7 the plastic hinge formation
sequence at the different exposition times is repre-
sented for both the vertical load conditions.
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Figure 7. Plastic hinge formation sequence for live load of 21.2
kN/m at different exposition times in XD3 class. From the top:
uncorroded (reference), 20 years of exposition, 33 years of ex-
position, 47 years of exposition.

4 CONCLUSIONS

In RC structures, chlorides are a frequent cause of
corrosion. The application of the Fick’s law and other
literature formulations able to evaluate pitting attack
as a function of environmental conditions, lead to the
definition of a relationship between the pitting corro-
sion and the exposure time. The latter can be applied
to existing structures in order to evaluate the eventual
degradation level, to define the residual life of the
structure as a function of the maximum tolerable per-
formance reduction, and eventually estimate the seis-
mic performance in the actual conditions.

In the present study, the seismic performance of an
irregular under-designed existing structure is ana-
lyzed. Due to the formation of a soft-storey at the
ground floor in the reference (uncorroded) conditions,
all the possible degradation scenarios result in a sim-
ilar seismic performance. For sake of brevity, only the
effects of an exposition to a XD3 class are here re-
ported: in this common environmental condition, for
element characterized by a 30mm concrete cover and
1l4mm-diameter reinforcements, the 35% of mass loss
is estimated after an exposition of 50 years (the ser-
vice life of the structure). The obtained results show
a progressive and almost linear structural decay, with
dangerous effects after 47 years of exposition, when
for low seismic loads all the elements suddenly yield
and the structure collapses for the crushing of the con-
fined concrete in the base columns.
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