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A B S T R A C T   

The corrosion process due to the erosion of chloride ions on reinforced concrete (RC) buildings is analyzed in this 
paper. The main objective of this study is to determine the influence of the corrosion on structural reliability of 
reinforced concrete buildings under earthquakes. It is assumed that the buildings are located in the city of 
Acapulco Guerrero in Mexico, and a comparison of the structural reliability when the resistance of the structural 
members of the buildings under earthquakes is affected by corrosion and when not is computed. In addition, the 
influence of concrete cover is considered. For the objective of this study, the buildings are modeled as 3D RC 
frames and they are subjected to several earthquake ground motion records. Furthermore, the analyses are 
performed by the Monte Carlo simulation technique and stochastic modelling of corrosion initiation, corrosion 
propagation and corrosion cracking to estimate the steel corrosion. It is shown that omitting the effect of 
corrosion in reinforced concrete structures can lead to erroneous estimations of the structural reliability of 
buildings under earthquakes.   

1. Introduction 

Nowadays reinforced concrete structures are one of the most com-
mon structural systems used around the world. The mix of the high 
compression strength and the excellent mechanical properties added by 
the steel made it the ideal compound material to be used in structural 
applications [1]. However, structures made with that material and 
exposed for some time to aggressive agents like in coastal areas and 
places with high contamination levels or places with extreme environ-
mental changes with cycles of freezing/defrosting are more susceptible 
to failure by corrosion [2]. The oxidation of metallic reinforcement due 
to the erosion of chloride ions can affect significantly the concrete’s 
functional characteristics, like its adherence, also it induces the fissure 
creations and the concrete’s pieces detachments, which influences on 
the structural performance [3]. In addition, corrosion reduces the 
reinforced transversal section, achieving an influence in the structural 
reliability [4]. The corrosion effect in the seismic performance of 
structures has been studied in the past [5]. Bossio et al. [6] pointed out 
that corrosion in the stirrups may lead to brittle failures in the most 

stressed elements of a structure. In addition, they proposed a retrofit 
scheme using High Performance Concretes in order to recover the 
bending capacity and ductility of the structural members. Rizzo et al. [7] 
developed a time-dependent model to predict the corrosion wastage 
thickness on historical metal structures. It was observed that, as the 
corrosion ratio increases, the lateral load and the deformation capacity 
of the frames, as well as energy dissipation, decrease significantly. 
Furthermore, the inclusion of innovative structural systems to improve 
the seismic performance of buildings is becoming a common practice. 
Among these systems are the buckling-restrained braces (BRB) [8], 
shear panels [9,10] and friction dampers [11]. These metallic devices 
could be affected by corrosion when implemented in buildings close to 
coastal areas. The properties deterioration due to this phenomenon 
along the structures useful life is a serious problem with high economic 
implications; for this reason, it must be guaranteed that this type of 
structures has suitable reliability levels for the collapse and service-
ability limit states. In this study an action to reduce social and economic 
problems due to this phenomenon is to provide tools to measure the 
variation in the structural reliability levels taking into consideration that 
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the structural capacity and the structural demand vary in a time interval 
due to corrosion in a high seismic hazard zone. The main structural 
design goal is to minimize the infrastructure total costs without 
compromise the behavior requirements and the self-functionality. The 
structural deterioration becomes a problem when the long time of the 
structures is considered. Thus, in the analysis and design process it is 
important to consider the structure useful life. The steel reinforcement 
corrosion significantly affects the structural performance, affecting the 
adherence with concrete, causing cracking in the section or even 
reaching the detachments of concrete pieces [12–14]. Therefore, in this 
research a study of two reinforced concrete buildings located in Aca-
pulco, Guerrero is conducted. A comparison of the structural reliability 
of the buildings when the degradation by corrosion is considered and 
when is not considered in exterior beams and columns is performed. It is 
shown that omitting the corrosion effects in structures can bring us to a 
wrong estimation of structural reliability levels in buildings. The struc-
tural reliability of chloride-induced corrosion has been studied in many 
papers. A time-dependent reliability analysis of existing reinforced 
concrete beams was studied by Firouzi et al. [15]. Shin et al. [16] 
developed a probability-based durability design software for concrete 
structures subjected to chloride exposed environments. Ryan and 
O’Connor [17] studied a probabilistic analysis of the time to chloride- 
induced corrosion for different self-compacting concretes. Nogueira 
and Leonel [18] applied probabilistic models to estimate the safety of 
reinforced concrete structures subjected to chloride ingress. Akiyama 
et al. [19] estimated the life-cycle reliability of RC bridges piers under 
seismic and airborne chloride hazards. However, the penetration of 
harmful ions was only considered with a simple diffusion equation and 
the boundary concentration of chloride was considered as deterministic 
or a normal random variable so that the combined effect of harsh 
environmental aggressiveness and extreme loading conditions is still not 
very well-understood as a time variant formulation [20–22]. This means 
that none of the above-mentioned probabilistic models can be used for 
RC deterioration assessment under a deicing salt environment. In this 
paper, a stochastic modelling of corrosion initiation, corrosion propa-
gation and corrosion cracking to estimate the steel corrosion is used to 
compute the structural reliability of complex 3D reinforced concrete 
buildings located in a high seismic hazard zone of Mexico. For the sake 
of simplicity and computational effort only the harmful ion penetration 
is considered with a diffusion equation and the chloride binding ca-
pacity, convection, temperature and humidity are not considered. 

2. The corrosion process 

Concrete is a highly alkaline material (pH between 12.6 and 13.8), 
due to calcium, sodium and potassium hydroxides. Under this pH con-
dition, the reinforcement steel creates a passive layer that, despite being 
a few nanometers of thickness, it presents a protection action [23]. 
However, aggressive agents such as ions chlorides and CO2, which 
produces a depassivation on the reinforcing steel bars, could destroy this 
layer. The initiation of corrosion is generally due to the penetration of 
free chloride ions, carbonatation, or their combined effect [24]. Some 
studies have shown that the effect of temperature and humidity is sig-
nificant [25]. Other works conclude that the structural capacity of RC 
elements would decrease rapidly after the steel reinforcements get 
depassivated [26]. The load capacity of the RC is seriously reduced after 
the extender corrosion exceeds a certain limit; for this reason, in this 
study a probabilistic analysis of corroded RC buildings is very useful for 
service life and structural failure predictions. 

2.1. Chlorides penetration 

The corrosion induced by chlorides is mainly present in structures 
exposed to a marine environment. The chlorides ions are present in 
marine water; however, wind move them in the breezeway and deposit 
them in structures that are near to the sea. The chloride ion penetration 
in concrete is difficult to model, but it seems to be a general agreement 
that Fick’s Law diffusion is superior to other techniques [27]. If the 
chlorides concentration CO2 present in the concrete surface and the 
diffusion coefficient DC for concrete is supposed independent in space 
and time, it could be represented with this law as a function of the 
concrete cover thickness and time, as indicated in Eq. (1): 

∂∁(x, t)
∂t

= DC
∂2∁(x, t)

∂x2 (1)  

where (x, t) is the chlorides ion concentration, given as a percentage by 
weight of cement, at a distance of x meters from the concrete surface 
after t seconds exposed to a chloride source; and DC is the chloride 
diffusion coefficient expressed in m2/sec. The solution to the differential 
equation is given by: 

C(x, t) = C0

[

1 − erf
(

x
2

̅̅̅̅̅̅̅
Dct

√

)]

(2) 

Fig. 1. Main characteristics of the corrosion effects in Mexico [31].  
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where C0 is the balanced chloride’s concentration in the concrete sur-
face, expressed by concrete weight percentage; and erf is the error 
function. 

2.2. Corrosion initiation time 

The corrosion initiation time can be estimated in a concrete building 
considering a chloride corrosion threshold Ccr, and d as the cover 

thickness; then, the time where the corrosion begins Ti, can be calculated 
using Eq. (3) [28]: 

Ti =
d2

4Dc

[

erf − 1
(

Ccr − C0

Ci − C0

)]− 2

(3) 

Based on Eq. (3), outcomes of the corrosion initiation time Ti have 
been performed using the Monte Carlo simulation; the values of different 
parameters for the initial surface chloride concentration, the diffusion 
coefficient for concrete and the corrosion density have been proposed by 
Thoft-Christensen [29] for three deterioration levels: low, medium, and 
high. Corrosion is inherently affected by many factors as stated earlier, 
so it is best modeled as a Gaussian process [30]. The first-passage 
probability is calculated by estimating the out-crossing rate because 
corrosion is considered as a Normal stochastic process. The studies 
conducted by Cook et al. [31] show the corrosion levels in Mexico; the 
study summary is illustrated in Fig. 1, this map takes into account only 
chloride related to corrosion based on proximity to the ocean. As shown 
in the map, the city of Acapulco has a moderate corrosion with high 
chloride levels so these values are considered for the analysis. The range 
of values for each deterioration level is represented via normal and 
uniform probability distributions, which are shown in Table 1. 

The strength is primarily attributed to a loss of steel cross section 
over time [32]. For a reinforced concrete section with reinforcing bars of 
equal diameter and assuming the same corrosion initiation time for each 
bar, the area reduction over time can be estimated using Eq. (4). 

Table 1 
Parameter characteristics of the random variables in corrosion.  

Deterioration level: 
Low 

Diffusion coefficient Dc  N (25.0,2.5) [mm2/ 
year] 

Surface chloride 
concentration 

C0  N (0.575,0.038) [%] 

Corrosion density icorr  Uniform [1.0,2.0] 
[mA/cm2]  

Deterioration level: 
Medium 

Diffusion coefficient Dc  N (30.0,2.5) [mm2/ 
year] 

Surface chloride 
concentration 

C0  N (0.65,0.038) [%] 

Corrosion density icorr  Uniform [1.5,2.5] 
[mA/cm2]  

Deterioration level: 
High 

Diffusion coefficient Dc  N (35.0,2.5) [mm2/ 
year] 

Surface chloride 
concentration 

C0  N (0.725,0.038) [%] 

Corrosion density icorr  Uniform [2.0,3.0] 
[mA/cm2]  

Fig. 2. Methodology Flowchart.  
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A(t) =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

nD2
0
π
4

for t ≤ Ti

n[D(t) ]2
π
4

for Ti < t < Ti + D0/Ccorricorr

0for t ≥ Ti + D0/Ccorricorr

(4)  

where n is the number of reinforcing steel bars; D0 is the initial diameter 
of steel reinforcement; t is the elapsed time in years; Ccorr is the rate of 
corrosion; icorr is the corrosion density; and D(t) is the reinforcement 
diameter at the end of t years, which can be represented by Eq. (5): 

D(t) = D0 − CcorriCorr(t − Ti) (5) 

In this research a constant corrosion rate of 0.023 was adopted from 
Thoft-Christensen [29] which was identified from field data on existing 
concrete member of buildings in deicing salts, and the corrosion density 
is considered uniformly distributed for a medium deterioration level as 
shown in Table 1. 

3. Methodology 

The flowchart of Fig. 2 describes the methodology considered in the 
present study. 

4. Structural reliability 

The seismic structural demand hazard curve is expressed in terms of 
the maximum inter-story drifts (MID). The mean annual rate of 
exceeding a specific value of mid is estimated using the following 
expression [33,34]: 

ν(mid) =
∫ ⃒
⃒
⃒
⃒
dν(Sa)

d(Sa)

⃒
⃒
⃒
⃒P(MID > mid|Sa)d(Sa) (6)  

where ν(mid) is the seismic demand hazard curve, which represents the 
average number of times per year that mid is exceeded; mid is the certain 
value of the maximum story drift; MID is the structural demand, rep-
resented by the maximum story drift; Sa is the pseudo-acceleration 
associated with the fundamental period of vibration of the building; 
P(MID > mid|Sa) is the fragility curve, which is the conditional 

probability that MID exceeds the value of mid, given an intensity Sa; and 
v(Sa) is the seismic hazard curve of the site of interest, which represents 
the average number of times per year that a seismic ground motion 
occurs with an intensity equal to or greater than Sa. 

4.1. Mean annual rate of structural failure 

The structural reliability of the buildings is evaluated using the mean 
annual rate of structural failure (vf). It is given by [35,36]: 

νf =

∫ ⃒
⃒
⃒
⃒
dνMID(mid)

d(mid)

⃒
⃒
⃒
⃒P(C ≤ mid)d(mid) (7) 

Fig. 3. Distribution of the seismic stations in Acapulco, Guerrero.  

Table 2 
Seismic ground motion records.  

Record Name Date M Coordinates of the epicentre 
(Lat, Long) 

S1 ACAC9509.141 
N00E 

1995/09/ 
14 

6.4 16.31, 98.88 

S2 ACAC9509.141 
N90E 

1995/09/ 
14 

6.4 16.31, 98.88 

S3 ACAD1112.111 
N00E 

2011/12/ 
11 

6.5 17.84, 99.98 

S4 ACAD1112.111 
N90E 

2011/12/ 
11 

6.5 17.84, 99.98 

S5 ACAD9509.141 
N00E 

1995/09/ 
14 

6.4 16.31, 98.88 

S6 ACAD9509.141 
N90E 

1995/09/ 
14 

6.4 16.31, 98.88 

S7 ACAD9701.111 
N00E 

1997/01/ 
11 

6.9 17.91, 103.0 

S8 ACAD9701.111 
N90E 

1997/01/ 
11 

6.9 17.91, 103.0 

S9 ACAD9906.151 
N00E 

1999/06/ 
15 

6.4 18.18, 97.51 

S10 ACAD9906.151 
N90E 

1999/06/ 
15 

6.4 18.18,97.51 

S11 ACAD9909.301 
N00E 

1999/09/ 
30 

7.5 15.95, 97.03 

S12 ACAD9909.301 
N90E 

1999/09/ 
30 

7.5 15.95,97.03  
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where νf is the mean annual rate of structural failure, which is the 
average number of times per year that the demand mid exceeds the ca-
pacity C; and P(C ≤ mid) is the probability that the structural capacity C 
(close to collapse limit-state) be smaller than or equal to mid. 

5. Earthquake ground motion records 

The buildings are evaluated through incremental dynamic analysis 
(IDA) [37] with seismic ground motions near the coasts of Acapulco, 
Guerrero. The analyses were conducted using seismic records from two 
seismic stations: ACAC and ACAD, which are located in the area of soft 
soil on the coasts of Acapulco (see Fig. 3). 

Table 2 shows the information of the selected earthquake ground 
motions recorded in the coast of Acapulco, Guerrero, for the seismic 
analyses of the RC buildings. 

6. Seismic hazard study of Acapulco, Guerrero 

From the seismic hazard curves included in the CFE Earthquake 
Design Manual of México, the curves for Acapulco, Guerrero were ob-
tained through the formulation proposed by Esteva [33]. This formu-
lation establishes that from the known seismic hazard curves of a 
particular site it is possible to determine the hazard curves for another 
place as long as there are seismic records obtained simultaneously at 
both sites. This is possible through the statistical parameters of the 
spectral ratios between both sites using the following expression: 

vY(y) =
∫ ∞

0
vX

y
z
fz(z)dz = Ez

(

vX

(
y
z

))

(8)  

where νy(y) is the mean annual rate of exceedance of a seismic intensity 
measure, for the recipient site; νx(y/z) is the mean annual rate of ex-
ceedance of a seismic intensity measure for the reference site, divided by 
the variable Z; Z is the acceleration response spectral ratio (y/x), it refers 

Fig. 4. Seismic hazard curves corresponding to COYC station.  

Fig. 5. Seismic hazard curves corresponding to ACAC and ACAD stations.  
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to the ratio between the response spectra corresponding to the recipient 
and the reference sites; fZ(Z) is the pdf of Z. 

Fig. 4 shows the seismic hazard curves corresponding to the COYC 
station (CFE Earthquake Design Manual) and in Fig. 5 the seismic hazard 
curves calculated period by period, belonging to the ACAC and ACAD 
stations. 

7. Structural models 

Two regular buildings are analyzed keeping the same layout 
configuration but varying the number of floors (six and ten stories), built 
with reinforced concrete with four eight-meter spans in both directions 
and with a height of four meters, located very close to the coastline in 
Acapulco, Guerrero, Mexico. The design was made under the criteria of 
the CFE Earthquake Design Manual of México. 

Tables 3 and 4 show the geometric characteristics of the studied 
models and the project data used for design; Figs. 6 and 7 show the floor 
layout and building heights. 

Figs. 8 and 9 illustrate the beams and columns sections of the six- 
story and ten-story buildings. 

8. Results and discussion 

In order to study the influence of the variation of the corrosion level 
for different cover depths, the structural reliability of the buildings over 
its useful lifetime was estimated for two covers depths, 5 cm cover main 
bar to the bottom, top and side, and 7 cm respectively. The corrosion 
initiation time (Ti) from Eq. (3) is used for this purpose. In order to 
evaluate each cover, ten simulations were performed through the 
Montecarlo technique, different results were obtained varying the pa-
rameters of Table 1. In the present study it was decided to make a total of 

Table 3 
Geometric characteristics of the building models.  

Model Number of spans in X 
direction 

Number of spans in Y 
direction 

story 
height 

6 stories, M6 4 @ 8 m. 4 @ 8 m. 4 m. 
10 stories, 

M10 
4 @ 8 m. 4 @ 8 m. 4 m.  

Table 4 
Project data.  

Seismic behaviour factor Q = 2 
Intended use of the building Hotel 
Concrete Class 1: f’c = 250 kg/cm2 

Reinforcing steel Fy = 4200 kg/cm2 

Serviciability peak inter-story drift 0.002 
Collapse peak inter-story drift 0.015  

Fig. 6. Elevation and floor plan: six-story building.  

Fig. 7. Elevation and floor plan: ten-story building.  
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10 simulations for each of the covers of 5 cm and 7 cm. The results are 
presented for each of the simulations in Fig. 10. It is shown a comparison 
between the corrosion initiation time for each of the covers, it can be 
seen that the corrosion initiation time is higher for the 7 cm cover. 

8.1. Loss of cross sectional area 

Table 5 illustrates the cross sectional area of the steel bars for models 
M6 before and after the corrosion initiates. As mentioned in previous 
chapters, the area loss is estimated using Eq. (4). In Table 5 the average 
reduction of the reinforced steel bars of the ten simulations for each 
section analyzed is shown in terms of area (cm2) and for the M6 model. 
Notice that for both models, it is considered that only the steel bars of the 
exterior frames are affected by corrosion. It can be seen that the cross 
sectional areas corresponding to the corrosion level of 1 year did not 
decrease considerably; such reduction was similar (around 2%) for all 

sections. It is observed that for the corrosion level of 30 years after 
corrosion initiates, a considerable decrease of the cross sectional area 
has occurred, equivalent to approximately 70% for every section. 
Similar results were obtained for the M10 model but they were omitted 
for the sake of brevity. 

8.2. Incremental dynamic analysis 

The incremental dynamic analysis for different intensity levels was 
performed by a nonlinear step by step dynamic analysis using the 
RUAMOKO3D software [38]. The previously selected seismic records 
were scaled at different spectral acceleration values ranging from 0.1 to 
1.2 g. As a result of this analyses the maximum inter-story drift for each 
structure and intensity level is obtained. In Fig. 11, the results of in-
cremental dynamic analysis for the M6 model with 5 cm cover and ten 
years after its construction are compared. In addition, the results for the 

Fig. 8. Assembly of beams and columns for the M6 model.  
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same model but without the consideration of the corrosion effect are 
illustrated. It can be seen that the MID tend to increase as the level of 
intensity of the earthquake ground motion increases. It is important to 
mention that after ten years of corrosion the MID values are very similar, 
an increment about 3% is observed. Moreover, as it will be observed 
below if the time elapsed is greater than, for example, 30 years the 

difference can increase up to 12%. 
The median values of the maximum inter-story drifts computed for 

the M6 model after twenty years of the corrosion initiation time are 

Fig. 9. Assembly of beams and columns for the M10 model.  

Fig. 10. Corrosion initiation time for different concrete covers.  

Table 5 
Cross sectional area loss considering each section analyzed of the M6 model.  

Section Initial Ti + 1 years 10 years 20 years 30 years 

T40X80 as_extsup 14.10 13.92 10.02 6.02 3.18 
as_loextinf 11.40 11.26 8.26 5.16 2.92 
as_censup 11.40 11.26 8.26 5.16 2.92 
as_ceninf 11.40 11.26 8.26 5.16 2.92  

T35X80 as_extsup 10.13 9.98 7.30 5.86 4.38 
as_extinf 11.40 11.21 7.91 6.20 4.51 
as_censup 14.10 13.84 9.57 7.36 5.20 
as_ceninf 14.10 13.84 9.57 7.36 5.20  

T35X70 as_extsup 11.40 11.26 8.26 5.16 2.92 
as_extinf 9.03 8.90 6.23 3.55 1.73 
as_censup 7.60 7.49 5.15 2.89 1.49 
as_ceninf 7.60 7.49 5.15 2.89 1.49 

C75X75 as_col 60.80 60.15 45.52 29.69 17.35 
C75X75 as_col 60.80 60.15 45.52 29.69 17.35 
C65X65 as_col 44.34 43.62 28.43 13.94 5.23  
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shown in Fig. 12. The two different covers analyzed are considered. It 
can be seen that after this time elapsed the difference between the non- 
corroded and the 5 cm cover are high; for example, for a value of Sa/g =
0.6 a 29% difference is observed. It is also observed that the difference 
between the two covers considered is small for values of intensity 
measures smaller than 1 g, but the difference tends to increase for higher 
levels of intensity. 

8.3. Fragility curves 

Fragility curves were developed at the damage control and the 
collapse prevention limit states for the two models after 10, 20 and 30 
years. In addition to compare the fragility curves themselves the 
different covers are considered. Fig. 13 shows the comparison between 
fragility curves for a peak inter-story drift of 0.03 (collapse prevention) 
of the 6-story building with a 5 cm and 7 cm cover after 30 years of its 
construction. The black curve represents the building without corrosion, 
while the blue and red curves represents the building affected by 
corrosion. It can be observed that the conditional probability of ex-
ceedance is higher as the intensity level increases. For example, Fig. 13 
shows that for the intensity of 0.6 g, the 7 cm curve has a probability of 
exceedance of 47%, while for the non-corroded curve the probability is 
only 24%. This means that the building after 30 years of construction has 
nearly twice as likely to exceed a drift of 0.03 compared to a non- 
corroded building. 

The summary of the fragility analysis can be seen in Table 6, it is only 
shown the M6 model for a Sa/g = 0.6 for the sake of brevity. From the 
results of the fragility analysis, it is noticed that the system experiences a 
significant increase in the structural fragility over time. For example, the 
probability of exceeding the collapse limit state increases from 32% to 
52% (from 10 years to 30 years) for a 5 cm cover at an intensity level of 
0.6 g. It is important to say that the increase in the seismic fragility with 
age is also present in the damage control limit state. 

8.4. Seismic demand hazard curves 

The seismic demand hazard curves represent the mean annual rate of 
exceeding the maximum inter-story drift. These curves were obtained by 
numerical integration of Eq. (6). Fig. 14 shows the demand hazard 

Fig. 11. IDA for the M6 model after ten years of corrosion.  

Fig. 12. Median values of the maximum inter-story drift for the M6 model after 
twenty years of corrosion. 

Fig. 13. Fragility curves for the M6 model after thirty years of corrosion.  

Table 6 
Probability of exceeding the collapse prevention limit state (intensity level of 
0.6 g).  

Time Cover Sa/g P(D>=d|Sa/g) 

(10 years) 5 cm 0.6 32.2% 
7 cm 29% 
Non-corroded 25.09%  

(20 years) 5 cm 0.6 42.5% 
7 cm 39.4% 
Non-corroded 25.09%  

(30 years) 5 cm 0.6 52.1% 
7 cm 47.4% 
Non-corroded 25.09%  

Fig. 14. Maximum inter-story drift demand hazard curve for the 6-story 
building after 30 years of construction. 

J. Bojórquez et al.                                                                                                                                                                                                                              



Engineering Structures 237 (2021) 112161

10

curves for the M6 model after 30 years of construction for the two 
considered covers. The black curve represents the non-corroded building 
while the red and blue represent the 5 cm and 7 cm covers, respectively. 
From Fig. 14 it can be seen that for the non-corroded model the mean 
annual rate of exceeding the damage control limit state (0.01) is equal to 
0.00046 corresponding to a recurrence interval of 2179 years (TR = 1/ 
ν), while for the collapse prevention limit state ν(0.03) = 0.00018 or a 
recurrence interval of 5555 years. When the comparison is for the same 
building but considering corrosion, the differences are up to 30% and 
58% for the damage control and collapse prevention limit states, 
receptively. It is also observed that for small values of MID the differ-
ences are small; this is because the structure remains in the elastic range. 

The differences increase as the MID increases. The summary of all the 
results of the average of the ten simulations of corrosion is shown in 
Tables 7 and 8. Notice from these tables that the conclusions made for 
the M6 model are similar to those of the M10 model. 

9. Conclusions 

The structural reliability was evaluated at the end of different time 
intervals considering the variation of the structural capacity and the 
structural demand due to the corrosion for two reinforced concrete 
buildings with 6 and 10 stories. The buildings are located in the City of 
Acapulco in Mexico and the drift demand hazard curves are evaluated 
using several earthquake ground motions. The effects of corrosion on 
reinforced concrete structures can be divided into four important points: 
the first one is when the penetration of chlorides occurs where the 
structure is not compromised; the second one when the concentration of 
chlorides in the surface of the reinforcing steel reaches a critical con-
centration which initiates its corrosion, at this point it is when the 
structure begins to deteriorate, during the third point the corrosion of 
the steel continues to evolve and the fourth point is when the cracking 
occurs in the section. It should be mentioned that the phenomenon of 
corrosion continues, therefore, reinforcing steel bars continues with 
degradation and this could become a problem for the structural capacity. 

This study highlights the importance of taking into account the 
phenomenon of corrosion for reinforced concrete structures that are 
close to a marine environment, where this phenomenon is most 
frequently presented by the penetration of chlorides. The results show 
that the effect of corrosion significantly affects the seismic fragility and 
reliability of buildings; furthermore, the seismic demand hazard curves 
are significantly different up to 55% when a concrete cover of 5 cm is 
considered (which is a typical practice). The differences between each 
cover 5 cm and 7 cm are small for about 5% so it is recommended that 
the concrete cover should not exceed 5 cm. It is important to mention 
that this corrosion effect is currently neglected in building codes so this 
could lead to erroneous estimation of the structural capacity and reli-
ability of buildings near salt environments. 
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Table 7 
Mean annual rate of exceeding the two limit states considered for the M6 model.    

Cover Mean 
ν(mid) 

Tr (years) 

Damage control 0.01 10 
years 

Non- 
corroded 

0.00046 2179 

5 cm 0.00051 1959 
7 cm 0.00055 1824 

20 
years 

Non- 
corroded 

0.00046 2179 

5 cm 0.00061 1639 
7 cm 0.00062 1622 

30 
years 

Non- 
corroded 

0.00046 2179 

5 cm 0.00072 1383 
7 cm 0.00088 1141  

Collapsed prevention 
0.03 

10 
years 

Non- 
corroded 

0.00018 5622 

5 cm 0.00020 5085 
7 cm 0.00021 4780 

20 
years 

Non- 
corroded 

0.00046 5622 

5 cm 0.00024 4132 
7 cm 0.00026 3847 

30 
years 

Non- 
corroded 

0.00046 5622 

5 cm 0.00029 3499 
7 cm 0.00031 3267  

Table 8 
Mean annual rate of exceeding the two limit states considered for the M10 
model.    

Cover Mean 
ν(mid) 

Tr 
(years) 

Damage control 0.01 10 
years 

Non- 
corroded 

0.000989 1011 

5 cm 0.001079 927 
7 cm 0.001147 872 

20 
years 

Non- 
corroded 

0.000989 1011 

5 cm 0.001505 665 
7 cm 0.001574 635 

30 
years 

Non- 
corroded 

0.000989 1011 

5 cm 0.001789 559 
7 cm 0.001780 562  

Collapsed prevention 
0.03 

10 
years 

Non- 
corroded 

0.000130 7683 

5 cm 0.000132 7569 
7 cm 0.000131 7610 

20 
years 

Non- 
corroded 

0.000130 7683 

5 cm 0.000133 7508 
7 cm 0.000126 7922 

30 
years 

Non- 
corroded 

0.000130 7683 

5 cm 0.000126 7917 
7 cm 0.000120 8324  
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Ingeniería, UNAM, México: Tesis de Doctorado; 1968. 

[34] Cornell CA. Engineering seismic hazard analysis. Bull Seismol Soc Am 1968;58: 
1583–606. 

[35] Cornell CA, Jalayer F, Hamburger RO, Foutch DA. The probabilistic basis for the 
2000 SAC/FEMA steel moment frame guidelines. J Struct Eng 2002;128:526–33. 
https://doi.org/10.1061/(ASCE)0733-9445(2002)128:4(526). 

[36] Torres MA, Ruiz SE. Structural reliability evaluation considering capacity 
degradation over time. Eng Struct 2007;29:2183–92. 

[37] Vamvatsikos D, Cornell CA. Incremental dynamic analysis. Earthquake Eng Struct 
Dyn 2002;31:491–514. https://doi.org/10.1002/eqe.141. 

[38] Ruaumoko Carr AJ. Dynamic nonlinear analysis. Christchurch, New Zealand: 
Department of Civil Engineering, University of Canterbury; 2015. 
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