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Probabilistic seismic vulnerability assessment of reinforced concrete moment frames
exposed to corrosion
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ABSTRACT: Earthquakes and damages caused by corrosive environmental conditions are two
important factors that threaten the desirable performance of structures in the coastal cities of the Persian
Gulf in southern Iran. Taking into account both of these risks in the analysis and design of structures
can reduce the loss of life and can lead to significant economic savings. In recent years, studies on
the probabilistic seismic vulnerability assessment of structures have been developed. In this paper, a
risk-based approach is used for seismic evaluation of reinforced concrete moment frames with medium
ductility that are exposed to damage due to chloride-based corrosion of rebars in 4 important port cities
of southern Iran (including Bushehr, Assaluyeh, Bandarabbas and Chabahar). A total of 18 reinforced
concrete moment frames with different number of stories and in increments of 10 years after the initiation
of corrosion, were subjected to incremental dynamic analysis (IDA). Then, using the risk integral, the
annual probability of collapse for frames in the studied cities was obtained and evaluated. The results of
this study show that over time after the initiation of corrosion, the probability of collapse of structures
increases sharply, which indicates the high need for risk-based approach to evaluate and seismic design
of structures that are exposed to damages due to aggressive environments.
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1- Introduction

The concept of risk-based approach has been used in
recent years to develop seismic risk maps of the United States,
France, Europe, Romania and Spain [1-5]. In Iran, Taherian
and Kalantari (2019) recently used this approach to develop
risk-based seismic design maps [6].

In this article, 3 reinforced concrete (RC) moment frames
of 3, 5, and 7 floors in 4 important port cities of southern Iran
(including Bushehr, Asaluyeh, Banderabbas, and Chabahar)
are considered. These frames are designed with the latest
edition of our country’s seismic regulations (standard 2800,
fourth edition) and have already been evaluated by this
research team in a non-corrosive state [7]. Then, the effect
of corrosion in time periods of 10, 20, 30, 40 and 50 years
on the results without corrosion is evaluated. A total of 18
models are built and the Incremental Dynamic Analyses
(IDA) is performed on them. Finally, by using integral risk,
the probability of modeled frames collapsing in the studied
cities is determined and evaluated. The studied port cities are
located in the area with high relative risk (zone II) based on
the earthquake relative risk mapping in Iran Seismic Code
(Standard 2800).

*Corresponding author’s email: m.mansoori@srbiau.ac.ir

2- Risk-based analysis
The classical product presented in the following equation
can be used to determine the seismic risk, y(a), [8]:
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In this equation, Pa(a) is the fragility curve, i.e., the
conditional probability of fragility in terms of ground
motion a for a design level a, and H(a) is the hazard curve,
i.e., the probability of exceedance related to ground motion
a. It is common to use lognormal distribution with mean
p and standard deviation B to determine fragility curves
(P(a)=®([In(a)-In(w)]/B). In the process of risk-based analysis,
pis an acceleration that is considered equivalent to the annual
probability of the structure collapsing (P ) at the design code-
based ground motion (P gm)- Therefore, P_ can be calculated
by using equation 1, having a hazard curve and estimating the
values of p and .

In this study, it was necessary to use the same probabilistic
hazard model to derive seismic hazard curves so as to cover all
the studied cities. Therefore, the hazard results obtained from
the website of the European Facility for Earthquake Hazard
and Risk (EFEHR - www.hazard.efehr.org) were used.
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Fig. 1. Finite element model of the RC frame [7]

3- The effects of chloride-based corrosion on the studied
structures

The RC buildings located on the coastal areas of the
Persian Gulf are usually experiencing corrosion in the steel
bars. The average temperature above 30 degrees and relative
humidity of about 70-90%, has made the Persian Gulf region
one of the most corrosive environments in the world. In this
research, the effect of corrosion on the studied structures has
been considered in the form of 4 parameters, which will be
discussed in the following.

Based on an experimental investigation, Du et al. (2005)
proposed a time-dependent model to account for the effects
of corrosion in the diameter and yield strength of steel bars
subjected to chloride attack [9]:

dS (tz) = 1 - Qcorr (tl ) ‘dsO (2)
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in which d(t) and f(t) are the time-dependent diameter
and yield strength of the longitudinal reinforcement,
respectively. ds; and fy, are the initial diameter and yield
strength of the bars, respectively. Py is the strength reduction
factor which ranges from 0.16 to 0.45 for the ribbed bars.
Q...(t) is the percentage of the corroded mass with respect to
the initial mass of the longitudinal bars.

The third parameter considered to apply the effect of
corrosion on the studied structures is the ratio of the strength
of the core concrete to the strength of the cover concrete, K,
which is expressed by the following equation [10]:

o
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Fig. 2. P with respect to the time after corrosion
initiation for the port cities under study

In which o and g, are the compressive strength of the
concrete cover and yield strength of stirrups, respectively; p,
is the ratio of the stirrups with respect to the concrete core
area.

In this paper, to consider the effects of bond-slip of steel
bars at members connection, zero-length elements were used
at the beam-column connections and at the column’s base
(Figure 1). To determine the stiffness of these springs, the
recommendations as per NIST GCR 17-917-46v3, were used

[11]:

__y
K=~ (8)
BS
In which M, is the yield moment and O is the spring
rotation because of bars slip at the members connection.

4- Derivation of fragility curves of the RC frames

In this paper, the nonlinear fiber beam-column elements
were employed according to NIST GCR 17-917-46v3 [11].
OpenSees platform was utilized for the simulation of the
considered RC frames. This modeling technique had already
been used for the simulation of the seismic behavior of RC
frames without corrosion [8]. The finite element model of
RC frame is shown in Figure 1. 22 pairs of far-field ground
motions in soil type C and D included in FEMA P695 are
used for IDA analyses.

5- Results and Discussion

The annual collapse exceedance probability of models at
the design code-based ground motion (Pc/gm) for the studied
models in the considered port cities after exposure to the
corrosive environment versus time is calculated by using
the risk integral (Equation 1). The mean value of P Was
determined 1.9E-5 to 2.97E-3 (Figure 2).

6- Conclusions

The P, em for the studied RC frames increases substantially
by increasing the time intervals after corrosion initiation
(Figure 2). The obtained results show that P_ Jem is different for
the same structures in different cities and increases strongly
with the passage of time after the beginning of corrosion,
which is a strong reason for the necessity of using the “risk-
based” approach for analysis and design of structures that are
subject to corrosion.
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Fig. 1. The seismic hazard curve for the 4 port cities selected in this study was taken from the website of the
European Facility for Earthquake Risk and Hazard (EFEHR — www.hazard.efehr.org). The two horizontal lines
correspond to the return periods of 475 and 2475 years.
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Fig. 2. The geometry of the sections of beams and columns of symmetrical frames selected for dynamic analysis in
three heights of 3, 5 and 7 story (the height of all story is 3.2 meters) [10]
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Table 1. Probable values and distributions of effective corrosion parameters according to the environmental conditions
of the Persian Gulf [33-34]
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Fig. 3. Convergence test of corrosion initiation time for reinforcing bars
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Fig. 4. The curve of reduction in yield strength (a) and diameter reduction (b) of the rebar by the diameter of the
rebar as a function of the time after the initiation of corrosion
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Fig. 5. The graph of reduction of core concrete confinement coefficient (Kc) according to the diameter of
rebars as a function of time after the initiation of corrosion
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Fig. 6. Diagram of reduction of stiffness of modeled springs (KSE) at joints for simulating bond-slipping of
longitudinal bars as a function of time after the initiation of corrosion

oar 0 iRei ol ey B & ile e S5 )
RC adb aw OB (gl 0gs 00 odlaiwl (33,65 o clls pd ool
ool g a8 pekailen [YV] Cusl ons odly L VS o adllas )50
5wl sy ldlaw 5l 0 g et Cowl ol ool las S
Job 53 65 ISl bl slass sl oad LS5 9y 2 (e (g
o 3 AP ol it oo (5 6 s s Yiano g ololl S
abis & )y 6550 ool Cojlapl g oy adlllas ke 4 imgh
S5 sl o 031 Hlis VS > &S jelatlen [ ] canl (68 1S
B ghailo y 395 00 033 ol (655 1,5l das ya 4 b dlaie
Vg8 slajmld g jpazme s (5 ool 0l jpaxe (3 (bl 4
5 b ol Slii ) i Lt (gl 25 e el oS s
b (gl g wf ol ey Alie adllae (Byae plas Clasuis
Wged Sy oo Caa [V ] 29800 dnog la> (I35 (9
S TGy Jao b i phed OB 4l 93 ol 2L S
10V 395 oo dumslio ol 435,515 e by (6 )5y 5o s
@l g 38l 5l Jols lis gl gy (oo 5 55 3)90 Jao h S5 50
ol o 039l alKiislo ]

1 Berry & Eberhard

ol Sy g el ool by, nl )3 sl 488
s > S IS5l s i gy b Slall 3 i s J 5
2 orzen D9 @i olell ol Jsb 5> Sty )iy CellB (bl
oz & S SISl LB o ol e (ooye ghaile gaw (g (]
L¥5] 20 o pasnds yuo6

s ol ) ool b gjloJbe SuiS5 5l alie oyl
b lp bt ol oo sleialy )3 0ad &) b gy
=YV NIST GCR) ae)l iy oied slosld 4 bgyye jiso dolesslo
Ol ol o0 eolaiw] cdalllas 350 (sl g3l Jso (gl (FEVY-ANY
@il sl (VOA) GilBen g g pudl by gilode SasS
S8 ozl 3590 S0 Jibate RC sl g loj & ditunly <o
oy ol alBislejl ols b (gilwde gy ol wos silas g <d,5
T bl g oo (giluJae 9y (e Sl oty (primen V] 03
Sl (gloj ) (s ppdpl YLl Jelow (sl (Ve IA) GiillSon
headllas cpl o [VEIA] 00,8 odlatnl ¢ 53)95 (520 33 e 00
dalllae 3y50 B dgazee Iinl (gilw Jio (sl OpenSees g8 cdy
J¥A] conl onis ol

A8



Unconfined concrete fibres
S

~

/

Confined concrete fibres

.E
3
§ _
0O .G ® |

f~_Reinforcing bar fibres

fiber section

E

Ear . o - & ry
sz—to_o-_oa—.;gso—ux_o_o om0 0 0m0 O

e rig

@ Structural node
O Integration

l Buckling element

%+ Zero length bar slip fibre-

I=

[)+] did aw s 3 axllhs 3,90 RC GO (gl 00 gy b dgaime oyl Juto Y JSUi5

Fig. 7. The proposed non-linear finite element model for RC frames studied in three-story mode [10]
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laboratory results [51]
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Fig. 9. IDA curves extracted for the studied frames in (a) without corrosion, (b) 10 years after the initia-
tion of corrosion, (c) 20 years after the initiation of corrosion, (d) 30 years after the initiation of corro-
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Table 2. Probability of annual collapse in acceleration based on the design of the regulations (Pc/gm) versus
time after the initiation of corrosion for the studied structures based on the results obtained by different cities

Time after Bushehr Asaluye Banderabbas Chabahar
Corrosion
Initiatilon Pe/gm Average Pe/gm Average Pergm Average Pe/gm Average
3-Story 1.90E-05 1.86E-05 3.11E-05 1.76E-05
0 years 5-Story 1.69E-04  7.34E-05 3.20E-04 1.28E-04 5.34E-04 2.13E-04 3.79E-04 1.48E-04
7-Story 3.2E-05 4E-05 7.43E-05 4.70E-05
10 3-Story 3.58E-05 5.13E-05 8.65E-05 5.59E-05
ears 5-Story  2.70E-04  1.17E-04 5.40E-04 2.20E-04 8.84E-04 3.62E-04 6.46E-04 2.59E-04
y 7-Story  4.56E-05 6.89E-05 1.16E-04 7.60E-05
20 3-Story 3.54E-05 4.87E-05 8.23E-05 5.21E-05
ears 5-Story  4.82E-04  1.93E-04 9.98E-04 3.82E-04 1.58E-03 6.08E-04 1.17E-03 4.46E-04
Y 7-Story 6.10E-05 9.93E-05 1.67E-04 1.12E-04
10 3-Story 8.42E-05 1.50E-04 2.48E-04 1.74E-04
years 5-Story 6.78E-04  2.84E-04 1.42E-03 5.76E-04 2.19E-03 9.01E-04 1.63E-03 6.65E-04
7-Story  9.00E-05 1.61E-04 2.67E-04 1.87E-04
40 3-Story 1.33E-04 2.54E-04 4.12E-04 2.96E-04
ears 5-Story 8.34E-04  3.61E-04 1.75E-03 740E-04 2.70E-03 1.16E-03 2.02E-03 8.57E-04
y 7-Story 1.17E-04 2.14E-04 3.55E-04 2.50E-04
50 3-Story 1.80E-04 3.49E-04 5.69E-04 4.12E-04
ears 5-Story  9.29E-04  4.48E-04 1.95E-03 9.23E-04 297E-03 1.43E-03 2.22E-03 1.06E-03
y 7-Story  2.35E-04 4.68E-04 7.48E-04 5.47E-04
1.6E-03
1.4E-03
1.2E-03
1.0€-03
‘:“9 8.0E-04
.
6.0E-04
4.0E-04
2.0E-04
0.0E+00
5 10 15 20 25 30 35 40 a5 50
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Fig.12. The average annual collapse probability of the modeled structures versus time after the initiation
of corrosion, separated by the studied cities
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Fig. 13. The percentage increase of the average probability of annual collapse of versus time after the ini-
tiation of corrosion compared to models without corrosion
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