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ABSTRACT  

Steel rebars corrosion is one of the most important problems of reinforced concrete 

(RC) structures. The mechanical performance loss of RC elements because of steel 

corrosion can be aggravated under horizontal loads (e.g. wind pressure or seismic 

actions). This paper presents a methodology for the study of the seismic behavior of a 

residential typology of the Mediterranean coast, which was widely spread during the 

1960’s. These RC frame structures are usually 10 to 15 stories high, located very close 

to the coast and are exempt buildings, which made them specially exposed to chloride 

corrosion. Besides, there are some design conditions that should be taken into account: 

(i) these structures were designed only under gravity loads, especially seismic actions 

were not considered. (ii) The raw materials had lower quality than those considered in 

current design codes, e.g. structural concrete strength was around 15 MPa, and made 

with natural beach sand as fine aggregates (hence including chlorides into the concrete 

mass). Therefore, two important aspects converge in these buildings, fifty years of 

marine exposure (i.e. degradation by corrosion) and the omission of the seismic loads in 

the original design, making them especially vulnerable to earthquakes (in an area with a 

moderate-high seismicity). Hence, a methodology for the seismic analysis of the 

corroded structure is proposed, in order to determine the structural safety factor of this 

type of structures, and evaluate the effectiveness of a retrofitting if necessary. 
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1. Introduction. 

The great explosion of tourism in the Valencian coast at the end of the 1950’s, caused 

the urbanization of a great area of the littoral. This urban development prioritized the 

views and proximity to the sea. Therefore, the architectural design tried to optimize the 

orientation and views limiting the closed areas, hence large perimeter cantilevered 

balconies were a basic feature as solariums. The rationalist architect Juan Guardiola-

Gaya was one of the main protagonists of this architecture in the early 1960’s. He is 

responsible for the current architectural image of the Costa Blanca from Alicante to 

Benidorm. Fig. 1 includes some examples of this building typology, like the 

development of Albufereta Beach or the Vistamar tower (inspired by the Pirelli Tower 

in Milan by Pier Luigi Nervi). All these buildings have a common set of characteristics: 

compact and regular plans, façades facing the sea with large balconies supported by 

cantilever beams, reinforced concrete (RC) frame structures with flat beams, and direct 

marine spray exposure. Besides, this area of Spain presents a medium to high seismic 

activity according to current design codes [1]. The recent earthquake that heavily 

affected the city of Lorca in 2011 is an example, in which peak ground accelerations up 

to 0.36 g were recorded [2]. As a summary, these constructions present some common 

aspects that highly increase their seismic vulnerability: (i) All buildings are inhabited 

and the economic value of these apartments is higher than other neighborhoods. (ii) The 

original structure was made in poor quality RC (characteristic compressive strength 𝑓𝑐𝑘 

lower than 17.5 MPa), and without any prescription regarding durability. (iii) Their 

structural capacity has been degraded after several years of marine spray exposure. (iv) 

During their design horizontal seismic loads were not considered. Therefore, in this 
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seismic area there is a large building stock, apartment blocks more than 10 stories high, 

which present some pathologies (cracks and spalling due to steel corrosion of RC 

elements) after 50 years of marine exposure, and have been designed without any 

seismic code considerations. 

 

Figure 1. Mediterranean Spanish Coast, landscape of Albufera area (Alicante). 

The current Spanish seismic design code [1], classifies the area of the South and East of 

the Iberian Peninsula as a medium to high grade level seismic zone. Therefore, specific 

seismic design of structures is mandatory. However, these criteria have only been 

applied in the last two decades. Before that, buildings were designed only under vertical 

loads and horizontal wind forces. In fact, the first Spanish standard that considered 

seismic actions was not published until 1962 [3], and only affected buildings in areas 

with at least level VII on the Mercalli scale, which were only a couple southern areas, 

Figure 2. Nonetheless, the area of study remained outside and was considered a non-

seismic area. Hence, the presented aspects motivate a specific analysis of the seismic 

effects on the 1960’s coastal buildings in this area.  
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Figure 2. Seismic hazard map of 1962 Spanish standard. 

The problematic related to structural degradation, because of corrosion, in constructions 

located in seismic prone areas is currently being studied [4], and usually requires from 

complex models. The effect of steel corrosion in RC structural elements is one of the 

fundamental durability problems in concrete constructions, and has been widely studied 

[5]. The damage magnitude depends on the material’s properties and design conditions, 

i.e. rebar’s coating, and environmental exposure conditions. In the particular case of 

coast nearby constructions, the two main corrosion types are carbonation and chloride 

induced corrosion (caused by marine environment). In this sense, Tuuti [6], proposed a 

model for the service life of RC structures, which comprised two different stages. The 

first one, or initiation phase, lasts until the aggressive substances (carbon dioxide or 

chloride ions) get to the steel surface at a concentration higher enough to depassivate it, 

and hence corrosion begins. Afterwards, the second stage, or propagation phase, 

considers the time during steel is actually damaged, with the corresponding mechanical 

properties loss, and lasts until the end of the structural service life. 

The effect of steel corrosion on the mechanical properties of RC structures has been 

widely studied. Several researchers report the residual properties of corroded rebars 

[7,8], the induced concrete cover cracking [9] or the rebar-concrete bonding after 
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corrosion [10,11]. Also the influence of corrosion on structural elements subject to 

cyclic loading has been experimentally assessed [12,13], even for the seismic evaluation 

of structures [14]. Finally there are complex numerical approaches to model the 

corrosion of steel rebars in concrete and the cover cracking or spalling.  

Therefore, the main objective of this paper is aimed at a simplified methodology for the 

seismic analysis of RC buildings exposed to marine environment corrosion. In addition, 

the proposed method was applied to residential buildings (taller than 8 floors) built in 

1960’s in the East coast of Spain, which after more than 50 years show signs of steel 

corrosion that could affect their seismic performance (especially considering that they 

were designed without any specific seismic analysis, and the poor quality materials 

were used). This analysis considers the non-linear behavior of RC under seismic loads, 

and the level of structural degradation due to chloride exposure over five decades. Non-

linear pushover analysis [15] will be addressed according to different Standards [16], 

[17], [18], in which structural degradation is simulated by modified non-linear 

characteristics of materials (as a function of the exposure time to marine environment). 

2. Methodology. 

The aim of this paper is to evaluate the seismic behavior of a specific structural 

typology, widely spread in the East coast of Spain in the 1960’s, directly exposed to 

marine environment, and located in a seismic-prone area. First, a brief description of the 

structural characteristics considered in this work has been included. After the procedure 

used to evaluate the corrosion of RC elements is described. Finally, the numerical 

method to perform the seismic analyses is presented. 

2.1. Description of the general RC Building model of 1960’s. 

Figure 3 includes different examples of the typical 1960-70’s buildings in the East coast 

of Spain. In general, they can be classified in two different types, depending on the 
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existence or not of concrete walls on the staircases and elevator shafts. Nonetheless, 

they weren’t supposed to increase the seismic safety factor, the stiffness increase was 

only to control the maximum horizontal displacements due to wind actions.  

 
Figure 3. Typical apartment buildings in Alicante. (a) Adoc Tower 10, (b) Adoc Tower 

7 and (c) Vistamar tower,  

A real building of fifteen floors (Figure 3b) has been selected as an example of these 

constructions, and has been used to illustrate the proposed methodology. The general 

structural scheme of Adoc Tower 7 is presented in Figure 4. The plan presents structural 

symmetry with seven parallel frames with spans between 3.30 and 4.30 m. The total 

frame length is 3.65 m and the height of columns is 2.60 m. Table 1 summarizes the 

main characteristics of the cross sections of beams (BS), columns (CS) and walls (WS). 

Mechanical characteristics of each section have been calculated assuming 15 MPa 

concrete and plain steel bars with 400 MPa yielding stress. Main frames are composed 

by 50x20 cm² flat beams, connected by 15x20 cm² perimeter beams, and unidirectional 

slabs (with secondary beams each 80 cm). In order to account for the effect of the 

concrete slabs in the global structural model, the recommendations of Calavera [19] and 

Darwell & Allen [20] have been considered. Thus, an equivalent virtual 30x20 cm² 

secondary beam was defined directly connecting columns on consecutive frames. 

Columns have a constant 30x40 cm² cross section up to the eighth floor (23.4 m) and 

progressively decreases upwards until 25x25 cm² at the top floor (41.6 m). The only 
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exception are the columns aligned with the concrete walls, which maintain a constant 

30x40 cm² section for all stories. There are three concrete walls, one 30x210 cm² on the 

elevator shafts (WS-1), and two 25x100 cm² on the staircases (WS-2).  

 

Figure 4. General structural scheme (a) XY view, (b) YZ elevation view. 

Table 1. Main geometric and mechanical characteristics of all RC structural sections. 

Type Geom. Top Bott. Stirrups 
Yield. 

Mom. 

Plastic 

Mom. 

Ult. 

Shear 

Force 

Idealized 

Yield 

curvature 

Plastic 

curvature 

Plastic 

rotation 

capacity 

- cm mm mm mm kN·m kN·m kN rad/m rad/m rad 

CS-1 30x40 425 425 8/200 307.0 321.8 152.0 0.0136 0.0057c 0.0012 

CS-2 30x40 420 420 8/200 243.8 247.9 143.9 0.0142 0.0098c 0.0020 

CS-3 30x40 316 316 6/150 150.6 155.9 109.3 0.0122 0.0195 c 0.0039 

CS-4 30x30 316 316 6/150 127.1 133.9 109.3 0.0108 0.0266s 0.0053 

CS-5 30x30 316 316 6/150 89.1 93.1 88.9 0.0167 0.0350c 0.0052 

CS-6 30x40 214 214 6/120 58.8 60.9 110.5 0.0084 0.0246s 0.0049 

CS-7 30x30 214 214 6/120 32.7 33.9 86.9 0.0170 0.0461s 0.0069 

BS-1 50x20 816 616 6/200 
68.9 70.1 

84.4 
0.0208 0.0589s 0.0059 

-89.4 -91.1 0.0240 0.0380c 0.0038 

BS-2 50x20 920 520 6/200 87.0 88.1 97.2 0.0212 0.0576c 0.0058 
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-147.3 -148.6 0.0309 0.0082c 0.0008 

BS-3 25x20 214 214 6/200 18.4 18.9 37.0 0.0188 0.0566s 0.0057 

BS-4 15x20 210 210 6/200 19.02 18.9 21.0 0.0203 0.0570s 0.0057 

BS-5 30x20 612 612 6/200 39.5 40.3 52.3 0.0208 0.0576c 0.0058 

WS-1 

* 
30x210 516 516 

6/150+286 

*** 
2870.2 3525.7 459.1 0.0021 0.0050s 0.0052 

WS-2 

** 
25x100 412 412 

6/150+126 

*** 
551.4 648.6 223.2 0.0045 0.0101c 0.0051 

* Lateral reinforcement equal to 12 ϕ16 in both sides.  

** Lateral reinforcement equal to 12 ϕ16 in both sides.  

*** Interior reinforced rebars parallel to 30cm side. 
Note: The medium axial load for gravity loads was selected for the evaluation of the plastic behavior. 
c maximum curvature limited by concrete crushing.  
s maximum curvature limited by steel strain. 

 

2.2. Corrosion analysis of RC elements exposed to marine environment. 

The time analysis of RC corrosion requires a two stage process, initiation and 

propagation phases according to the aforementioned model proposed by Tuuti [6]. For 

the first one, many Standards have different models for the ingress of aggressive agents 

through the concrete pore network, in order to estimate the time necessary to initiate 

corrosion. In this work, the Spanish concrete design code has been adopted, which is 

based on the second Fick's law, Eq. (1), in which for a time of exposure t in years, the 

depth of penetration of the aggressive agent d, is function of the coefficient of diffusion 

K.  

𝑑 = 𝐾 · √𝑡 (1) 

The diffusion coefficient depends on the type of agent (𝐶𝑂2 or 𝐶𝑙−), and the respective 

coefficients 𝐾𝐶 and 𝐾𝐶𝑙 can be assessed with Eq. (2), or Eq. (3), for carbonation or 

chloride ions ingress.  

𝐾𝑐 = 𝑐𝑒𝑛𝑣 · 𝑐𝑎𝑖𝑟 · 𝑎 · 𝑓𝑐𝑚
𝑏  (2) 

𝐾𝐶𝑙 = 56157 · √12 · 𝐷(𝑡) · [1 − √
𝐶𝑡ℎ − 𝐶𝑏

𝐶𝑠 − 𝐶𝑏
] (3) 

𝐷(𝑡) = 𝐷(𝑡0). (
𝑡0

𝑡
)

0.5

 (4) 
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For carbonation, Eq. (2), 𝑐𝑒𝑛𝑣 depends on the ambient conditions (wet or dry); 𝑐𝑎𝑖𝑟 is an 

air entrainment coefficient; 𝑎 and 𝑏 are parameters depending on the type of cement; 

and 𝑓𝑐𝑚 is the average compressive strength of the concrete. In the chloride ingress, Eq. 

(3), 𝐶𝑡ℎ is the chloride threshold (i.e. critical 𝐶𝑙− dosage by cement mass); 𝐶𝑏 is the 

chloride amount included in the batch, which depends on the raw materials (aggregates, 

cement, water, admixtures and additions); and 𝐶𝑠 is the 𝐶𝑙− concentration on the 

concrete surface. Finally, to account for the time evolution of chloride diffusion, Eq. (4), 

𝐷(𝑡) is the effective diffusion coefficient of 𝐶𝑙− for a 𝑡 age, and is expressed as a 

function of the diffusion coefficient obtained for a 𝑡0 age, 𝐷(𝑡0). The specific values of 

each parameter adopted in the present research are summarized in Table 2. 

Table 2. Parameters for the assessment of diffusion coefficients in 2
nd

 Fick’s Law. 

Carbonation Chloride 

Canv Cair a b fcm D(t0) n Cth Cs Cb 

Wet Dry - - - MPa cm
2
/s - Cement mass % 

0.5 1 0.7 1800 -1.7 23 1.77·10
-7

 0.5 0.6 0.805 0.2-0.3-0.4 

 

The propagation time 𝑡𝑝, which starts once aggressive agents have arrived to the steel 

rebars, is directly related to the corrosion level, which is affected by several factors [21], 

[22], [23]. There are different evaluation methods based on experimental, numerical or 

analytical models [24], [25], [26]. However, the Spanish standard EHE 08 [27] proposes 

a simplified expression, Eq. (5), in which the propagation time depends only on the 

coating thickness 𝑑 (𝑚𝑚), the rebar diameter ∅ (𝑚𝑚), and the corrosion velocity 

𝑉𝑐𝑜𝑟𝑟 (𝜇𝑚/𝑦𝑒𝑎𝑟). Table 3 includes the results obtained applying this equation to 

different commercial diameters, depending on the type of exposure environment. Such 

values of generalized corrosion velocity are higher than the usual values, between 1 and 
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10 μm/year [28], considered for the study of corrosion, hence presenting a conservative 

situation. The values included in the Spanish code [27] establish a uniform damage 

accumulation along the steel rebars, generating a crack size increment, and the 

detachment of the concrete cover. However, due to the localized nature of chloride 

corrosion, the fissure opening would be lower [9]. Rodriguez et. al [29] propose 

different values of the local penetration factor, α, with the aim to evaluate the concrete 

crack process formation due to chloride attack [30]. In this case, the section loss caused 

by generalized carbonation induced corrosion will be characterized by α=2, while 

chloride corrosion will present α values between 4 and 8.  

𝑡𝑝 =
80

∅
.

𝑑

𝑉𝑐𝑜𝑟𝑟
 (5) 

Table 3. Propagation time for maximum corrosion of steel rebars with 25mm cover in different ambient conditions. 

Diameter Propagation time (year) 

mm 

IIIa  

𝑉𝑐𝑜𝑟𝑟 = 20 𝜇𝑚/𝑦𝑒𝑎𝑟 

IIa  

𝑉𝑐𝑜𝑟𝑟 = 3 𝜇𝑚/𝑦𝑒𝑎𝑟 

6 16.7 111.1 

8 12.5 83.3 

10 10.0 66.7 

12 8.3 55.6 

14 7.1 47.6 

16 6.3 41.7 

20 5.0 33.3 

25 4.0 26.7 

 

In order to quantify the mechanical performance loss of steel rebars during the 

propagation phase, four different variables were determined: (i) reduction of the cross 

section, (ii) variation of the yield strain, (iii) ultimate tensile load variation, and (iv) 

ductility loss. First, the steel thickness affected by corrosion 𝑃𝑥 can be assessed using 
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Eq. (6) [28], as a function of the corrosion potential 𝑉𝑐𝑜𝑟𝑟 or intensity 𝐼𝑐𝑜𝑟𝑟, and the time 

of exposure 𝑡𝑝. Then, the effect of the type of corrosion is considered to estimate the 

diameter loss, Eq. (7) [29], in which, 𝜙 and 𝜙0 are the final and initial rebar diameter, 

and 𝛼 varies between 2 and 8, for homogeneous or pitting (chloride) corrosions. 

Afterwards, the level of corrosion 𝑄𝑐𝑜𝑟𝑟, Eq. (8), depends only on the diameter ratio of 

the corroded and original rebar. Finally, the variation of strength and strain can be 

obtained using Eq. (9) [7] and Eq. (10) [31], where 𝐹𝑢, 𝐹𝑢0, and 𝜀𝑢, 𝜀𝑢0, the values 

associated to the rebar mechanical capacity and ultimate strain, after and before 

corrosion. In addition, 𝜀𝑢 should be always higher than the effective yielding strain 𝜀𝑦
∗  

(obtained considering 𝐹𝑢 and the reduced section because of corrosion). 

𝑃𝑥(𝑚𝑚) = 0.0116. 𝐼𝑐𝑜𝑟𝑟 . 𝑡𝑝 = 𝑉𝑐𝑜𝑟𝑟 . 𝑡𝑝 (6) 

𝜙 = 𝜙0 − 𝛼 ∙ 𝑃𝑥 (7) 

𝑄𝑐𝑜𝑟𝑟 = (1 − (
𝜙

𝜙0
)

2

) ∙ 100 
(8) 

𝐹𝑢 = (1 − 0.014 ∙ 𝑄𝑐𝑜𝑟𝑟) ∙ 𝐹𝑢𝑜 (9) 

𝜀𝑢 = (−0.269 ∙ ln 𝑄𝑐𝑜𝑟𝑟 − 0.21) ∙ 𝜀𝑢0 ≥  𝜀𝑦
∗  (10) 

2.3. Nonlinear seismic analysis. 

A 3D numerical model was made using the commercial software SAP2000 [32] to carry 

out non-linear static analyses to evaluate the seismic performance of the building and 

the effect of different levels of corrosion.  

2.3.1. Seismic demand. 

The seismic hazard has been determined according to the Spanish standard NCSE-02 

[1]. The ground acceleration corresponding to the city of Alicante is 0.14 g (for a return 

period of 500 years). The actual location can be assumed as a soft subsoil condition 

(subsoil type III), according to geological and geotechnical available data [33], thus the 
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soil amplification factor (C) due to the site effect is equal to 1.6. Finally, a 5% damping 

ratio was assumed for concrete frame structures. Therefore, the response spectrum 

shows the maximum peak acceleration (0.435 g) for periods between 0.16 s and 0.435 s. 

Initially, a ductility level of 1 was considered, i.e. the seismic demand wasn’t reduced 

due to ductility of RC sections.  

2.3.2. Numerical analyses. 

Pushover analyses were made to evaluate the nonlinear behavior of the building [34], 

[35]. In this method, the behavior of the building is assessed by means of capacity 

curves, which represent the relationship between the base shear force and the roof 

displacement for a lateral load distribution. Four load cases have been considered, 

accounting for the gravity loads and representative lateral load patterns, and two 

different corrosion-damaged scenarios were studied, for a total eight different analyses. 

According to EC-8 [16], ATC-40 [17] and FEMA 356 [18], the first load case is 

proportional only to the mass, therefore a uniform load distribution is applied (U). The 

second one considers lateral forces proportional to the product of mass and the first 

modal shape’s amplitude at each story (M1). In an analogous way, the third and the 

fourth load patterns are proportional to the second (M2) and third (M3) modal shapes. 

In order to obtain the maximum modal roof displacement, the SRSS rule has been used 

to combine each modal response. These results are presented in the paper as Modal 

Pushover Analysis, MPA [36]. Second order effects were taken into account in all 

evaluated cases.  

2.3.3. Nonlinear properties 

The FE model was comprised by frame elements, and nonlinear behavior was 

considered due to large deformation effects and deterioration of concrete (compression 

cracking). Reinforced concrete material was defined by tension-compression curves 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

according to its confinement level. Figure 5 includes different stress-strain curves for 

unconfined (UC) and confined sections (C), as defined in Table 1, all values have been 

normalized with respect to the characteristic strength and strain values of UC concrete. 

UC sections assumed a parabolic curve according to EC-2 [37] indications, in which the 

compressive strength 𝑓𝑐𝑘 was equal to 15 MPa for a compressive strain 𝜀𝑐𝑘 = 2‰. The 

elastic modulus considered in the first phase was 16.18 GPa, and the ultimate strain was 

3.5‰ (i.e. a normalized 1.75 strain) for a compressive strength of 13 MPa. Tensile 

strength was 2.39 MPa with an ultimate tensile strain equal to 1.6‰. On the other hand, 

confined concrete (C), was evaluated according to the formulation proposed by Mander 

[38]. Figure 5 includes two different confined sections, CS-1 and WS-1 (Table 1), both 

of which showed improvements of compressive strength and ultimate strain. For 

example WS-1 section presented 1.2𝑓𝑐𝑘 and 𝜀𝑐𝑢 = 2.25𝜀𝑐𝑘, because of the effect of the 

transverse rebars (parallel to the 30 cm side) that prevent the buckling of the 

longitudinal compressed rebars. Finally, all steel rebars were modelled as an 

elastoplastic material with 200 GPa elastic modulus, 411 MPa yielding stress, and 10‰ 

ultimate strain. 

 
 Figure 5. Examples of normalized confined (C) and unconfined (UC) stress-strain curves for different cross sections 

as defined in Table 1. Both magnitudes are divided by characteristic values of unconfined concrete.  

The nonlinear behavior of RC sections was included by means of lumped plasticity on 

hinge elements at both ends of beams and columns. The characterization of these hinges 
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was made according to Inel and Ozmel [39], in which the mechanical behavior is 

defined by moment-rotation relationship. For this reason, the most critical parameters to 

fix are the moment-curvature relationship of each section, and the length of the hinge. 

Afterwards, the rotation can be calculated as the product of the section’s curvature and 

the length of the hinge. In this research, the value of the hinge’s length 𝐿𝑝 was 

calculated as a function of section’s depth 𝐻, 𝐿𝑝 = 0.5𝐻, according to Park & Pauly 

[40] and FEMA 356 [18]. This equation is simpler but gives more conservative values 

than others, e.g. 𝐿𝑝 = 0.08𝐿 + 0.022𝑓𝑦𝜙 ≥ 0.044𝑓𝑦𝜙 [41] that considers the distance 𝐿 

as the critical distance from the critical section of the plastic hinge to the point of 

contraflexure. Figure 6 includes a diagram with the plastic hinge location following the 

seismic design recommendations of the California Department of Transportation 

(Caltrans) [42]. Additional shear hinges were located 𝐿𝑝 2⁄  apart from their bending 

counterparts, according to concrete design code EHE-08 [27]. 
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Figure 6. Geometrical position for plastic hinges. 

Different moment-curvature diagrams were defined to consider axial-bending hinges in 

columns, and only bending hinges in beams. For this reason, the interaction diagram 

(axial-bending) and the moment-curvature diagram of each cross section was calculated 

for different axial loads, based on force equilibrium (axial and bending forces). Figure 7 

includes an example of the monotonic backbone curve used in this research, in which 

𝜑𝑦 and 𝜑𝑢𝑝 are the elastic and ultimate plastic curvatures respectively. Also, a 

simplified bilinear function, according to Caltrans standard [42], is included, where 𝜑𝑖𝑝 

is the equivalent plastic curvature. In particular, the 𝑀 − 𝜑 behavior has been modelled 

as the bilinear function in Figure 7, in which a final negative slope step (30% of elastic 

stiffness) was used to improve the convergence of the numerical models after 𝑀𝑝 − 𝜑𝑢𝑝 

[43]. However, to control the global behavior of the plastic hinge in case of brittle 
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behavior, and in order to avoid the unreal behavior of the plastic hinge rotation, the 

maximum reduction of the bending moment was fixed at 0.2𝑀𝑝.  

 

Figure 7. Moment curvature curve for RC sections. 

These type of structures presented low concrete strength and an insufficient amount of 

transverse steel (as shown in Table 1), therefore the shear strength of RC sections 

should be considered. Hence, additional shear hinges were introduced in beams and 

columns to account for the loss strength and stiffness in the global behavior of the 

structure due to the shear collapse. Shear hinge properties were defined like linear 

springs with elastic properties until collapse. After this point, the member fails 

immediately, but to avoid several convergence problems in the numerical model, a 10% 

negative slope was defined. Shear strength was evaluated according to Spanish Concrete 

design code [27]. 

3. Results and discussion. 

The methodology and analysis of results, is divided in the following steps: first, the 

corrosion damage was evaluated, and all structural elements were grouped into three 

corrosion level areas. Afterwards, the loss of mechanical properties was determined, and 

the numerical model updated. A modal analysis of the structure was performed together 

with a modal pushover to assess the global stability. Finally, local analyses of each 
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section was made to ensure that the ductility capacity of all hinges remained according 

to the model assumptions. 

3.1 Corrosion. 

First, the effect of corrosion on the mechanical properties loss of RC sections was 

evaluated. Figure 8 includes the time evolution of aggressive agents’ penetration in 

concrete cover for different exposure conditions, according to EHE-08 [27]. Two 

different 𝐶𝑂2 scenarios (exposure condition type IIa) and three chloride initial contents 

𝐶𝑏 (exposure condition type IIIa) have been modeled. Also a 25 mm concrete cover has 

been represented, as the usual value for these coastal buildings in 1960’s [44], [45]. The 

worst-case scenarios for each corrosion type were dry 𝐶𝑂2 and a 0.4% 𝐶𝑙− content, 

which presented initiation times of 17 (𝐶𝑂2) and 15 (𝐶𝑙−) years. If chloride 

concentrations were lower, this time interval would be increased up to 41 years or more. 

 

Figure 8. Time of penetration for initial corrosion phase 

Once the propagation phase has begun, the diameter loss can be assessed applying the 

expressions in Eq. (6) to (10), included in section 2. Figure 9 summarizes the corrosion 

evolution in different conditions, i.e. carbonation (𝑉𝑐𝑜𝑟𝑟 = 3 𝜇𝑚/𝑦𝑒𝑎𝑟, 𝐼𝑐𝑜𝑟𝑟 =

0.258 𝜇𝐴/𝑐𝑚²), and chloride corrosion (𝑉𝑐𝑜𝑟𝑟 = 20 𝜇𝑚/𝑦𝑒𝑎𝑟, 𝐼𝑐𝑜𝑟𝑟 = 1.724 𝜇𝐴/𝑐𝑚²). 

Besides different penetration factors were assumed, e.g. α=2 for carbonation attacks, 
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α=4 for medium exposure chloride attacks (partially protected elements), and α=8 for 

structural elements highly exposed to marine environment (columns and beams in open 

balconies). The loss of diameter in carbonation-damaged rebars would be negligible 

considering the time intervals in this research. On the other hand, the structural elements 

exposed to medium or high 𝐶𝑙− contents (𝐶𝑏 = 0.3 or 𝐶𝑏 = 0.4) would have suffered 

15 years (1a in Figure 9) or 40 years of corrosion, according to the results presented in 

Figure 8. Therefore, an effective diameter loss of 6.4 mm and 2.4 mm, (1c) in Figure 9, 

would have been produced respectively.  
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Figure 9. Evolution of the mechanical properties of reinforced steel rebars with the level of corrosion (* propagation 

time for the analyzed building, considering a 15-year initiation time since construction in 1960). 

After, the section loss can be related to the corrosion level 𝑄𝑐𝑜𝑟𝑟 depending on the 

actual steel diameter. As an example, point 2a in Figure 9 represents a 2.4 mm loss, 

which in a 20 mm rebar (2b), will correspond to a 23% 𝑄𝑐𝑜𝑟𝑟 (2c). Finally, the 

normalized residual strength and ductility are presented versus the corresponding 

corrosion level. Once the corroded section has been determined, Eq. (6) in section 3.1, 

the level of corrosion 𝑄𝑐𝑜𝑟𝑟 (3a) can be related to the ultimate tensile load 𝐹𝑢 (3b) and 

strain 𝜀𝑢 (3d) of the corroded section according to Eq. (9) [7] and Eq. (10) [31], 

respectively. Both expressions only depend on the corrosion level 𝑄𝑐𝑜𝑟𝑟 and the 

undamaged values  𝐹𝑢0 and 𝜀𝑢0. Hence, the 6.4 and 2.4 mm diameter loss obtained 

above would correspond to corrosion levels of 54 and 23%, whose corroded mechanical 

parameters would be 𝐹𝑢,𝑄=54% = 0.25 𝐹𝑢0, 𝜀𝑢,𝑄=54% = 0.0 𝜀𝑢0 ≥ 𝜀𝑦
∗  (hence there 

wasn’t any plastic strain, and brittle failure would occur for effective yield strain 𝜀𝑦
∗) 

and 𝐹𝑢,𝑄=23% = 0.69 𝐹𝑢0, 𝜀𝑢,𝑄=23% = 0.19 𝜀𝑢0 (3c and 3e in Figure 9). These damaged 

mechanical properties, because of corrosion, can be observed in Figure 9 as a decrease 

in the mechanical capacity of rebars, and especially in the ductility of steel, as shown in 

[8]. The decrease of 𝜀𝑢 is important in seismic areas, in which the steel plastic 

deformation is limited to 10‰ to guarantee the design code conditions for ductile 

behavior of concrete sections. Therefore, the ductility reduction will be especially 

critical for a 33% level of corrosion, as the loss of global ductility would be 91.7%. 

All structural elements were classified into three different areas of exposure for the 

seismic analyses, considering the aforementioned constructive characteristics of the 

studied buildings, whose mechanical properties were modified based on the curves 

included in Figure 9. This marine exposure distribution of the structural elements is 

represented in Figure 10, in which outer elements were considered in IIIa conditions 
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(zone 1 with α=8, and zone 3 with α=4), while inner elements were assumed as IIa 

ambient (α=2). Table 4 summarizes the mechanical properties reduction (as the ratio 

with respect the original value in Table 1) for each section affected by corrosion. These 

values were used in the seismic evaluation of the presented structural typology 

(residential tall buildings of 1960’s), whose mechanical properties have been decreased 

by corrosion since 1975, and its seismic structural capacity could have been 

compromised.  

 

Figure 10. Areas of exposure considered for the structural analysis depending on the corrosion level. 

 

Table 4. Representative relative modeling parameters for hinges under different corrosion levels since 1975. 

 Zone I  Zone III 

Section 𝑀𝑦 𝑀𝑦0⁄  𝑀𝑝
∗ 𝑀𝑝0⁄  𝑉 𝑉0⁄  𝜃𝑝 𝜃𝑇0⁄  𝑀𝑦 𝑀𝑦0⁄  𝑀𝑝 𝑀𝑝0⁄  𝑉 𝑉0⁄  𝜃𝑝 𝜃𝑇0⁄  

CS-1 0.449 0.428 0.671 0.304 0.748 0.736 0.671 0.910 

CS-2 0.392 0.385 0.626 0.191 0.739 0.727 0.626 0.922 

CS-3 0.379 0.366 0.687 0.076 0.739 0.735 0.687 0.693 

CS-4 0.411 0.390 0.687 0.090 0.701 0.705 0.687 0.790 

CS-5 0.346 0.331 0.688 0.068 0.701 0.701 0.688 0.676 

CS-6 0.446 0.431 0.667 0.033 0.612 0.608 0.667 0.411 

CS-7 0.493 0.475 0.687 0.026 0.625 0.621 0.687 0.412 

BS-1 
0.113 0.112 

1 
0.060 0.518 0.524 

1.000 
0.730 

-0.115 -0.112 0.082 -0.523 -0.528 0.982 

BS-2 
0.264 0.260 

1 
0.120 0.611 0.616 

1.000 
0.990 

-0.273 -0.271 0.293 -0.617 -0.626 1.476 

WS-1* - - - - 0.737 0.703 0.592 0.767 

WS-2** - - - - 0.701 0.596 0.664 0.182 

Note: The medium axial load for gravity loads was selected for the evaluation of the plastic behavior. 

c, maximum curvature limited by concrete crushing. 
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s, maximum curvature limited by steel strain.  

* when the plastic bending moment in the corrosion model was 0, the elastic bending moment 𝑀𝑦 was used. 

 

3.2 Seismic load and dynamic properties. 

Figure 11 includes four response spectra corresponding to different coastal cities 

(assuming identical geotechnical conditions), in which the aforementioned structural 

typology was widely used in the 1960’s. Moreover, the periods corresponding to the 

main bending modes, either in x and y directions, are represented in Figure 11. Table 5 

summarizes the results of the modal analysis, i.e. the calculated elastic fundamental 

periods, and the elastic demands for the RC frame model. According to different 

standards [18], [17], [16], and due to the regular modal behavior in both directions, only 

the direction of the principal frames has been used in this research, corresponding to the 

modes included in Figure 12. The modal analysis considered only the elastic properties 

of the structural model, therefore there wasn’t any difference between the undamaged 

and corroded structures. Hence, it is worth noting that the corrosion effect only affects 

the nonlinear behavior of the structure. 

 
Figure 11. Elastic response spectrum for touristic urban areas in Spanish Mediterranean Coast, according to 

Spanish Seismic Code NCSE-02 [1]. 

Table 5. Modal properties and linear dynamic results according to NCSE 02 [1] for seismic actions in Alicante. 

Mode 
Period 

T 

Mass ratio 

Ω 

Modal participation 

factor, Γ 
Vd

*
 D

*
 δ0 Direction 

 s % 1/m % % cm x-y 

Y1 4.36 80.5 52.1 4.83 0.77 2.54 y 
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Y2 1.46 9.60 18.0 1.83 0.26 2.89 y 

Y3 0.84 3.35 10.6 1.11 0.15 3.28 y 

X1 4.14 74.20 50.1 4.98 0.73 2.51 x 

X2 1.22 12.01 20.2 2.74 0.21 2.63 x 

X3 0.58 5.07 13.1 2.20 0.09 2.54 x 

Vd
*
, normalized lineal modal base shear response (i.e. base shear / total weight of the building). 

D
*
, normalized maximum modal roof displacement (i.e. modal roof displacement demand/total height). 

δ0, modal roof displacement for modal shape. 

 

 

Figure 12. Modal shapes and frequencies for the first three modes in Y direction. 

The real active mass during the seismic action was determined using the old Spanish 

standard MV-101, whose materials were similar to those used during the construction of 

the building, and the mass coefficients were selected according to the current design 

code NCSE-02. In particular, the selected load values were 24.5 kN/m³ self-weight for 

concrete, 1.3 kN/m² dead load for non-structural elements, 2.2 kN/m² dead load for the 

unidirectional concrete slab, and 1.5 kN/m² live load (with a 0.5 mass coefficient). 

Moreover, masonry wall’s weight was modelled as distributed loads equal to 6 kN/m or 

3 kN/m depending on their thickness. Consequently, the total weight of the building was 

33258.6 kN. At the time of the building’s construction, horizontal design loads were 

usually neglected. However, in some particular cases, lateral wind loads equal to 1.5 

kN/m² were included. In this case, if the linear base shear due to the wind action is 

compared to the horizontal first mode seismic action, the effect of both load types is 

similar, as the ratio between them is close to one. On the contrary, if roof displacements 
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are compared, the ratio between wind and seismic displacements is 0.59. It means that, 

in fact, the real problem of this kind of buildings under lateral loads is the lateral 

displacement control, especially due to seismic actions. For this reason, the analysis of 

the nonlinear behavior of these buildings is very important, and especially, the 

evaluation of the rotation capacity of the joints, necessary to reach the displacement 

demand. 

3.3 Nonlinear seismic evaluation 

3.3.1 Pushover analysis 

In this section, the results of Modal Pushover Analysis (MPA) [40] are presented. 

Figure 13 includes the capacity and demand curves for the two considered scenarios. 

First, the behavior of the undamaged structure has been evaluated, Figure 13(a). 

Afterwards, it has been compared to the worst corrosion conditions obtained in section 

3.1, which showed that chloride induced corrosion initiated 15 years after construction, 

and damage has been accumulated during 40 years of corrosion, Figure 13(b). Both 

figures include the Response Spectrum (RS) and the Capacity curves according to a 

Lateral Uniform Load (U), and lateral loads according to the first (M1), second (M2) 

and third (M3) modes for each situation. 

 
Figure 13. Capacity and demand curves for (a) undamaged and (b) corroded models. ADRS. 

Regarding the global seismic evaluation of the building, the performance point was 

determined according to EC-8, as the intersection between the capacity and demand 
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curves in the acceleration-displacement response spectrum (ADRS). This method is a 

simplified version of the N2 method proposed by Reinhorn [46], and doesn’t take into 

account the influence of cumulative damage due to hysteretic cycles, and considers 

time-independent displacement shape [47], [48]. However, for a proper pushover 

analysis, in this research, four different load patterns were considered (proportional to 

the mass distribution of modes 1 to 3 shapes). Moreover, due to the high elastic period 

of the first mode of vibration, during a real seismic time history analysis, the influence 

of hysteretic behavior (e.g. concrete-rebar bonding or anchorage loss) should not be 

important due to the small number of cycles [34]. Therefore, pushover analysis is a 

suitable method for the analysis of this kind of buildings. Another important point of 

MPA is the evaluation of the seismic demand according to the equal displacement rule, 

for medium and long-period range, as the same horizontal displacement demand for the 

equivalent elastic period (T* for equivalent bilinear model) in the elastic response 

spectrum. In particular, due to the high value of the elastic period, T, and the small 

difference with the displacement results for T*, the value of T was used as seismic 

demand in all models corresponding to the non-corroded structure. However, for the 

damaged structure, the period corresponding to cracked stiffness, due to the effect of the 

vertical loads in the initial stiffness, was considered. The curves in Figure 13 show both 

periods, for the original and cracked sections, and each corrosion scenario. The 

maximum displacement is equal to the last point of the curve, except for pushover 

curves with post negative slope. In these cases, according to EC-8, the maximum lateral 

displacement of the last story corresponds to the point with a 20% strength loss (with 

respect to the maximum strength). 

Figure 13(a) includes the capacity-demand curves for the undamaged structure, in which 

all four load patterns showed a linear behavior up to the performance point. Moreover, 
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all capacity curves showed a negative slope after the maximum base shear strength. 

Figure 14(a) includes the plastic hinge patterns corresponding to MPA of the 

undamaged structure for each load pattern. First, uniform and mode 1 load patterns 

showed a small yielding process near the performance point, hinges were located at the 

beams between the first and fifth stories, and this mechanism increased until the 

collapse of the structure. However, plastic hinges appeared close to the performance 

point, and ductility was negligible for the seismic load evaluated in this paper, thus the 

elastic response spectrum was not reduced due to ductility effect. Finally, none of the 

structural elements showed any problems due to shear strength, and plastic hinges did 

not appear in any column or shear wall at the performance point.  

On the other hand, the seismic behavior of the damaged structural model (after 40 years 

of active chloride corrosion) showed a couple of differences. First, the natural 

frequencies of the second and third modes were reduced, hence the seismic 

displacement demands were increased, as shown in Figure 13(b). This effect was 

induced by the new hinges on the beams of Zone 1 (the highest marine exposure), not 

only in the lower stories but along the whole façade. In addition, Figure 14(b) shows the 

hinge distribution corresponding to the four load patterns of the corroded model, in 

which the new hinges at the marine front appeared because of gravity loads and 

corrosion effect. However, these damages did not affect the natural frequencies for 

mode 1 or uniform load pattern, despite new hinges in the upper stories appeared in 

addition to those in the undamaged structure. The second effect of rebar corrosion was 

the reduction of the displacement capacity for all modes, especially for the first mode 

and the uniform load shape, in which the performance point was not even reached. In 

this case, corrosion limited the plastic rotation capacity of the hinges of RC beams, 

consequently with a bending strength loss on columns and beams, especially in Zone-1 
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elements (highest 𝐶𝑙− exposure). Actually, the most important difference between both 

models was the existence of plastic hinges in zone-1 columns, which were not generated 

in the original model. Figure 14 summarizes the hinge distribution for each loading 

pattern of the undamaged and corroded structures (four levels of rotation have been 

distinguished for plastic damages equal to 25%, 50%, 75% and 100% of the plastic 

rotation capacity of the hinges). Obviously, the level of structural damage was higher as 

the mechanical strength of RC sections was affected by corrosion.  
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Figure 14. Plastic hinge patterns for modal and uniform load patterns of (a) the undamaged structural model, and 

(b) with corroded RC sections. 

3.3.2 Local ductility and global displacement evaluation. 

Finally, the ductility level compatible with the spectrum defined in the MPA must be 

checked. The methodology proposed in EC-8 has been selected in order to evaluate the 
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seismic global and local capacity of this kind of building before and after the corrosion 

attack. First, interstory drifts were limited according to Eq. (11), in which 𝑑𝑟 is the 

maximum value of the interstory drift (i.e. the difference between the average lateral 

displacements in the mass center of the top and bottom of the story); ℎ is the story 

height; 𝜈 is the reduction factor (equal to 0.5, considering the lower return period of the 

seismic action associated with the damage limitation requirement); and 𝛼0 depends on 

the type of non-structural elements and their arrangements into the structure. In 

particular, this variable 𝛼0 can be assumed equal to 0.005, 0.0075 and 0.010 for 

buildings with brittle or ductile behavior, or without nonstructural elements in contact 

with the main structure, respectively.  

𝑑𝑟

ℎ
≤

𝛼0

𝜈
 (11) 

Figure 15 includes the relative drift variation along the height of the building for each 

load shape. The drift of the corroded structure could not be assessed because the 

performance point was not reached for all load distributions (first mode and uniform 

pattern). Hence, the structural safety of the building could not be assured for the 

assumed corrosion damage. On the other hand, the models (MPA and uniform loading) 

of the undamaged structure also presented some problems to accomplish the limit 

values of standards for the stories below the ninth floor, and especially under the fourth. 

Nonetheless, these limitations refer to nonstructural elements, thus no collapse problems 

have been detected for this building. 
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Figure 15. Relative drift distribution for seismic evaluation. 

 

In addition, the local ductility capacity should be controlled [16]. For this purpose, the 

minimum value for the local ductility demand in relation to the curvature capacity can 

be determined using Eq. (12). In particular, 𝜇𝜙 has been considered as the ratio between 

the total curvature capacity and the idealized yield curvature (included in Table 2). 𝛽 

depends on the ductility level and is equal to 3 or 4.5 for medium or high ductility 

structures. 𝛼𝑢 and 𝛼1 are the pushover forces corresponding to the structural collapse 

and the first hinge step, respectively. The ratio 𝛼𝑢 𝛼1⁄  needs to be less than 1.5, and in 

this case, a 1.3 value has been assumed according to EC-8 recommendations for this 

kind of structures.  

𝜇𝜙𝐿𝐼𝑀 = 2 ∙ 𝑞0 − 1 = 2 · 𝛽 ∙
𝛼𝑢

𝛼1

− 1 
(12) 

Eq. (12) is valid for buildings with the first bending frequency in the constant velocity 

part of the elastic response spectrum, and it is very useful to evaluate the nonlinear 

capacity of RC sections and to compare the ductility and the rotation capacity of 

concrete hinges. Figure 16 includes the local ductility 𝜇𝜙 and the evaluation 

criteria 𝜇𝜙 𝜇𝜙𝐿𝐼𝑀⁄ , for the main concrete sections with and without the effect of corrosion. 

First, the undamaged sections of the columns up to the sixth floor (CS-1 and CS-2) 

presented ductility values lower than 25% of the minimum value for medium ductility 
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level, according to EC-8 [16]. Higher floors showed better ductility due to the reduction 

of the axial load, but in any case was enough to reach the minimum value for medium 

ductility class, 6.8. These results were expected according to the design rules during 

1960’s. Regarding the ductility capacity of non-corroded beams, an approximately 

constant value equal to 57% for positive bending, BS-1(+) and BS-2(+), was obtained, 

Figure 15. However, for negative bending, BS-1(-) and BS-2(-),the ductility capacity 

was significantly reduced, especially for section BS-2, due to the high level of steel 

rebars, the small depth of concrete section and the insufficient level of lateral 

confinement (which could have improved the concrete compressive strength). Finally, 

shear walls showed a 50% approximately value similar to positive bending value for 

beams.  

This limitation value predicts a similar behavior compared to the results of the 

numerical models. In particular, if the local ductility demand is compared with the 

global ductility capacity of the building, it can be seen that the relationship between 

collapse and plastic roof displacement was 1.51 and 1.6 for mode 1 and uniform load 

patterns, respectively. These values were slightly lower than the global ductility factor 

recommended in the Spanish standard for low ductility structures, which is equal to 2. 

Therefore, the non-corroded numerical model showed a similar ductility behavior for 

mode 1 and uniform load patterns, in comparison with European and Spanish standards.  
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Figure 16. Local ductility evaluation for concrete sections, considering medium ductility class (EC-8). 

 

On the other hand, zoning defined in Figure 10 should be consider to evaluate the 

corrosion effect in local ductility capacity. Zone 2 has been considered as non-corrosion 

affected area after the analysis presented in section 3.1. Regarding Zone 1, all elements 

showed a high level of corrosion and therefore, a high level of reduction coefficient for 

ductility and strength was applied, and then, brittle behavior was considered (i.e. 

without ductility), Table 4. In particular, bending strength was reduced between 75% 

and 90% for beams, and between 65% and 55% for columns, and ductility was equal to 

1 for all affected elements, Figure 16. As a summary, localized corrosion due to high 

chloride attack (zone 1) decreased the bending strength of all exposed structural 

elements. Besides, plastic hinges were also affected and ductility was reduced. Hence 

the structural collapse, under seismic accelerations, occurred earlier than in the original 

model without corroded RC sections. 

On the other hand, the RC behavior of zone 3 elements showed a different pattern than 

their zone 1 counterparts, as the corrosion level is less than 40% for steel rebars with 16 

mm diameter or higher. For this reason, the ductility of the steel sections showed values 

close to 10‰, Figure 9, and the residual bending strength was between 0.5 and 0.74 

(with respect to the original strength), Table 4. It is important to remember that the 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

maximum strain of this kind of steel is 12%, therefore to reduce the maximum EC-8 

design strain value (1%) a reduction factor higher than 0.083 would be necessary. This 

could justify why sections CS-6, CS-7 and WS-2 showed less ductility compared to 

previous non-corroded sections, Figure 21. Besides, BS-1(-), BS-2(+) and BS-2(-) 

sections showed higher ductility values, due to the improvement in their plastic rotation 

capacity. This improvement was due to the high reduction of steel rebar sections and the 

low reduction of their ductility capacity after corrosion. However, the improvement on 

plastic rotation capacity of internal beams was not enough to avoid the collapse 

mechanism of the external columns of the building. 

Finally, it is important to highlight that assuming the corrosion hypotheses used in this 

research, the shear walls conserved enough bending strength to stay on elastic domain 

during all the seismic action. However, they did not have enough stiffness to reduce the 

lateral movements when the columns started to yield, and to avoid the collapse 

mechanism of the corroded structure. Nonetheless, in all the analyses, there were not 

any problems due to seismic shear stresses. 

4. Conclusions. 

This study presents a methodology for the structural evaluation of RC buildings in 

seismic areas near the sea. In this case, a particular problem of coastal residential tall 

buildings built in 1960’s is presented (a singular 15 floors building in Alicante has been 

selected as an application example of the proposed method). A simplified methodology 

for the mechanical performance loss because of steel corrosion has been presented, and 

seismic behavior has been analyzed by modal pushover analyses.  

With the aim to analyze the corrosion effect in the structure, several experimental 

formulations have been implemented, considering national and international concrete 

codes and recommendations by several authors. First, structural elements are classified 
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by their exposure level and the residual properties are obtained to update the numerical 

model. In the studied typology, the differences in chloride or carbonation exposure 

resulted in an irregular distribution of the mechanical properties along the structure. 

The irregular corrosion effect along the building produced an important change in the 

seismic behavior of the structure. In particular, before corrosion, the analyzed building 

was safe against the considered seismic loads.  

However, after corrosion, the building was not safe against seismic load. In particular, 

chloride corrosion generated a loss of the global stiffness of the building, and a high 

reduction of the local ductility of hinges in beams and columns, especially in the 

elements closer to the marine front. This reduction on the rotation capacity, and the 

higher demand of horizontal displacement to dissipate the seismic energy, generated an 

incompatible situation and then, the building collapse due to the failure of the hinges in 

columns and beams in the most corroded elements. 

Moreover, the principal mechanism to dissipate seismic energy was by means of elastic 

deformation and plastic deformation of beam hinges, and collapse was due to the loss of 

residual strength during the post negative slope of the beam hinges, with a low grade of 

ductility, in the same way that explain the standard rules.  

It is worth noting that in some elements in the intermediate zone of exposure, the 

corrosion effect improved the ductility of concrete sections. This was due to the 

reduction of the mechanical capacity of the steel rebars, and the increase of their plastic 

deformation. However, this increase in the local ductility was not enough to avoid the 

seismic collapse of the building, due to the high loss of the rotation capacity in the 

concrete elements near the marine front.  

The described structural typology can be found in several touristic areas in the 

Mediterranean coast. Therefore, the presented methodology to analyze the effect of 
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seismic loads on constructions with long exposition to marine environment can be 

easily applied to other areas. 
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Highlights: 

 Methodology to evaluate seismic behaviour of old concrete buildings. 

 Plastic-Hinge capacity modifications along service life in marine environments. 

 Ductility reduction due to corrosion effects. 

 Non-linear seismic analysis of damaged concrete buildings. 

 Qualitative and quantitative evaluation of a real 39 m tall concrete building. 
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