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ΠΕΡΙΛΗΨΗ 

 

Η ζεηζκηθή δξαζηεξηόηεηα ζε κηα πεξηνρή κπνξεί λα πξνθαιέζεη ζεκαληηθά πξνβιήκαηα ζην 

δνκεκέλν πεξηβάιινλ, πνιύ πεξηζζόηεξν δε ζηελ πεξίπηωζεη όπνπ ηα θηήξηα είλαη κεγάιεο 

ειηθίαο θαη έρνπλ ππνζηεί θζνξά. Η πην ζπλήζεο πεξίπηωζε θζνξάο θηηξίωλ από νπιηζκέλν 

ζθπξόδεκα είλαη ε νμείδωζε ηνπ νπιηζκνύ. Επηπιένλ, νη κεραληζκνί πνπ πξνθαινύλ ηελ 

έλαξμε ηεο απνπαζεηηθνπνίεζεο ηνπ ράιπβα όπωο ε ελαλζξάθωζε θαζώο επίζεο θαη ε 

δηείζδπζε ριωξηόληωλ έρνπλ κειεηεζεί επηζηακέλα θαηά ηα πξνεγνύκελα ρξόληα. Απηή ε 

κειέηε, ζηνρεύεη ζην λα αλαδείμεη παξάγνληεο νη νπνίνη επεξεάδνπλ ηε κείωζε ηεο αληνρήο 

ηωλ κειώλ θηηξίωλ από νπιηζκέλν ζθπξόδεκα. Η κειέηε παξνπζηάδεη πωο ε κείωζε ηεο 

δηακέηξνπ ηνπ ράιπβα κεηά από ηελ νμείδωζε επεξεάδεη ηε ζπκπεξηθνξά ηνπ θηηξίνπ όηαλ 

ππνβιεζεί ζε ζεηζκηθά θνξηία, θαζώο επίζεο ηελ κέγηζηε παξακόξθωζε ηνπ ράιπβα γηα 

ηέζζεξηο ρξνληθέο πεξηόδνπο. Επίζεο επηζεκαίλεη ηηο επηδξάζεηο ηεο νμείδωζεηο, εμεγώληαο 

ζε ιεπηνκέξεηα ηηο ζπλέπεηεο ηεο κείωζεο ηεο αληνρήο. Επηπιένλ, ε κειέηε πξνζπαζεί λα 

εμεγήζεη ηελ επίδξαζε ηνπ νμεηδωκέλνπ νπιηζκνύ ζηε ζεηζκηθή ζπκπεξηθνξά θηηξίωλ 

νπιηζκέλνπ ζθπξνδέκαηνο θαηά ηε δηάξθεηα ηνπ ρξόλνπ, ρξεζηκνπνηώληαο δύν κε-γξακκηθέο 

κεζόδνπο αλάιπζεο, ηε ζηαηηθή θαη ηελ αλάιπζε ρξνλνϊζηνξίαο. 
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ABSTRACT 

The presence of seismic activity in an area may cause severe problems to the building stock, 

especially in the case that the latter is old and has undergone some deterioration. The common 

case of deterioration of concrete structures is the corrosion of the reinforcement. Additionally, 

the mechanisms of initiation that usually lead to steel depassivation like the carbonation of 

concrete as well as the penetration of chloride ions have been studied thoroughly over the past 

years. This study, aims at highlighting factors that affect the decrease in the strength of the 

members of a reinforced concrete structure. The study presents how the decrease of the steel 

diameter after corrosion is affecting the structure response under various seismic loadings and 

also the ultimate steel deformation for four time intervals. It also highlights the effects of 

corrosion, explaining in detail the consequences from the decrease in strength.  In addition to 

the above, this study attempts to explain the impact that corroded reinforcement has on the 

seismic response of concrete buildings over time, using two nonlinear methods of analysis, 

the pushover and the time history one.  
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Introduction 

The optimal performance of concrete is usually the most critical feature required for 

durability. Most structures have reported the problem of unsatisfactory toughness as well as 

strength during natural disasters like earthquakes (Coronelli et al., 2004). The above findings 

not only lead to economic impacts but also to environmental, industrial and social problems 

because of the risk of safety and reliability. The rates and types of degradation processes of 

concrete, as well as the reinforcement, usually define the rigidity or the resistance of the 

material being used and also reflect on the structural appearance of the structure. The 

deterioration of concrete, as well as steel in service, is considered to be the cause for loss of 

performance. This usually results due to various mechanical, chemical, physical or even 

biological processes. The major final result of the above mechanism is usually the formation 

of a crack. Cracking tends to occur whenever the tensile strain to which concrete is subjected 

to tends to exceed tensile strain capacity (Tuutti, K., 1982). The corrosion of steel 

reinforcement is considered as the most serious problem of reinforced concrete buildings.  

 

The purpose of this study is to examine a seven-storey building model which follows old 

design codes and construction regulations, and investigate the effect of the corrosion of  

reinforcement at  0, 25, 50 and 75 years, based on mathematical models retrieved from 

Kombou 2015. This model has been developed in the software SAP2000 as a two-

dimensional multi-storey frame building. The reduction of the steel area and the maximum 

steel deformation were calculated for the four periods.  

 

On the basis of the above, the moment – curvature relationship was produced for the columns 

and beams of the building according to Eurocode 8 - Part 3. Then, these curves were 

introduced in the software model to describe the behaviour of plastic hinges that were placed 

at both the edges of every member. Following this, joint loads at each level were applied in 

order to perform the pushover analysis, and generate force – displacement curve of the 

building for each one of the time intervals mentioned above.  

 

Examination of the force-displacement curves revealed the type of failure mechanism, 

whether it was shear or bending failure, for each member. For the time history analysis six 

different earthquakes were examined to obtain the failure acceleration for each one of the time 

intervals. 
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1 Corrosion 

Corrosion can be defined to be the gradual destruction of materials especially metals by 

various chemical reactions with their surroundings. In other words, it can be described to be 

the disintegration of an engineering material into their constituent atoms due to the chemical 

reactions in their environment (Stewart, 2004, Stewart et al., 1998). 

 

The corrosion of the reinforcing steel as well as other metals that are embedded is the major 

cause of concrete deterioration. When steel corrodes, the rust from the result occupies larger 

volumes of the steel. The above expansion leads to the creation of tensile stress in the 

concrete that can cause cracking, spalling as well as delamination. Corrosion with rusting of 

the reinforcement comprises various stages. In the first stage, aggressive elements like carbon 

dioxide and chloride ions that are present in the surrounding medium usually penetrate the 

concrete. This acts as the stage of initiation. The next stage is comprised of propagation that 

starts when the above aggressive element appears in rather large concentrations around the 

reinforcement. This stage corresponds to the growth of rust that leads to the breaking of the 

concrete cover. It is, therefore, important to understand the penetration mechanisms of the 

aggressive agents through the concrete as well as the conditions of depassivation of the 

reinforcement. 

1.1 The course of corrosion  

The chloride is produced by the building being exposed in an airborne chloride environment. 

Oxidation of the reinforcing bars is an electrochemical phenomenon that takes place in several 

stages through complex mechanisms. It occurs when iron is constantly surrounded by 

moisture, which penetrates into the concrete surface through the cracks. The result of the 

oxidation is the iron loss due to the disruption of the crystalline structure and uniform peel 

oxidized portions of the entire surface. In the final phase, detachment of concrete parts and 

display of reinforcement bars takes place.   Corrosion can, therefore, be classified to be a 

process that is complex and has the capability of affecting the RC structures.   
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1.2  The effects of corrosion 

Corrosion has various effects on structures. The major effect of corrosion is that it severely 

reduces the strength as well as the life of the structures.  Consequently in humid conditions 

pollutants from the atmosphere percolate via the concrete cover. This usually causes corrosion 

of the steel during the construction. After this process of the initiation of corrosion on the 

reinforcing steel, the products of corrosion usually expand and occupy a larger volume 

approximately 10 times greater than that of the steel used. This results in the formation of 

cracks and finally leads to the failure of the structural members.  

 

Structural steel accounts for the major portions of the metals that are used in building 

construction around the world. Fortunately, the steel is usually located within the construction 

and is always shielded from the outdoor environment by the exterior concrete finish. In cases 

where the structural steel is exposed to water from rain or the condensation of water vapor, 

corrosion results and it endangers the structure making it weak. Additionally, corrosion is 

considered as a major environmental degradation mechanism of the RC structures loss of steel 

reinforcement.   

 

 
Figure 1: Corrosion effects on the structural performance (Simioni, 2009) 
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The deterioration of the concrete structures as a result of the harsh environmental conditions 

usually leads to the performance degradation of the RC structures. This also leads to the 

premature deterioration of the structures immediately before completing the expected life 

service which is now a basic concern for all the civil engineers as well as researchers. 

 

Deterioration rate of materials usually depends on the exposure conditions as well as the 

extent of maintenance. Findings from various researches have proved that corrosion is the 

major cause of deterioration of most of the concrete structures.  

1.3 Initiation of corrosion   

From FIB-CEB Task Group 5.6 (2006) the initiation of corrosion can be expressed as follows:   

     ( 
  

                (  ) 
 (     (  

     

  
)))

(
 

   
)

    (Years)   (1) 

Where, α = concrete cover depth (mm); ke = the environmental function; kt=transfer variable 

0.832; DRCM,0 =the chloride migration coefficient (m
2
/s); t0 = reference point of time (years); n 

= aging exponent; erf
-1

= Gaussian error function;  Ccrit =critical chloride content ( wt/cement 

%); Cs = equilibrium chloride concentration at concrete surface (wt/cement %). 

1.4 Steel area loss and degree of corrosion   

The continuous penetration of the chloride elements in the concrete is causing the passive film 

of the reinforcement to dissolve; thereafter corrosion starts its course and the loss of its cross 

sectional area counting on the passage of time can be expressed as follows (Ghosh and 

Padgett, 2010): 

 ( )  {

     
 

 
                                         

   [  (  ( ))  
 

 
  ]              

 

     (2) 

Where, n = number of reinforcement bars; Di= initial diameter of steel; t= elapsed time 

(years); D(t) = reinforcement diameter at the end of (t-Tini) years which is formulated as:  

                         D(t)              (      )      (3) 

Where, icorr = rate of corrosion (mA/cm
2
); θ= corrosion penetration (κm/year, uniform 

corrosion penetration for generalized corrosion). 
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2 Factors affecting the strength of members  

Various factors affect the strength of reinforced concrete members. The following include 

critical exposure conditions as well as deterioration mechanisms in concrete. Additionally, 

concrete can easily withstand the effects when designed properly. 

 

Moreover, concrete usually expands slightly due to the temperature increase and contracts 

once the temperatures fall. This change usually leads to cracking of the concrete members 

leading to corrosion of the reinforcement. Shrinkage potential of the concrete mixtures used 

as building materials is usually perhaps the most critical considerations for the concrete used 

to construct floors as well as the base of most structures. The rates and types of degradation 

processes of concrete, as well as the reinforcement, usually define the resistance or the 

rigidity of materials being used. This, therefore, reflects the serviceability, the safety and the 

structural appearance, for instance, it tends to determine the performance of that structure. 

2.1 Corrosion of reinforcement  

One important parameter in the nonlinear analyses of reinforced concrete structures is tension 

stiffening after the crack has occurred. It is clear that the average tensile strength of reinforced 

concrete numbers usually does not reduce abruptly to the value, zero after the tensile crack 

has occurred. The excessive tensile stress usually results in cracking of the reinforced 

concrete member (Neville, 1995). Consequently, all the tensile forces that are applied to the 

crack faces tend to pass through the steel reinforcement. This usually results in the transfer of 

the tensile forces that result from the steel reinforcement to the concrete by the bond stresses 

located between steel bars as well as the concrete that surrounds. This results in a tension 

stiffening phenomenon on the structures. 

2.2  The deterioration of the concrete cover 

Concrete covers that surround the reinforcement can experience deterioration by the 

environment because of different reasons. The first reason is due to physical causes like 

freezing, mechanical causes like cracks on the concrete due to excessive loadings and 

chemical causes for instance due to bodies like ions contained within the environment. The 

reinforced concrete structures are usually in contact with the atmosphere for example water or 

in contact with the ground. The above environments are sometimes polluted and tend to 
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contain agents that can enter the concrete causing it to modify its characteristics. The common 

aggressive agents are known to be pure water, carbon dioxide in the atmospheres as well as 

chloride ions dissolved in water. 

2.3 Concrete surface cracks 

The sort and measure of the breaks on the surface of concrete, for the most part, have a basic 

impact on the sturdiness of the concrete. Splits that are caused by the shrinkage or the 

expansion may once in a while contribute essentially to the erosion of fortification. This is 

especially true when they run parallel to the strengthening bars or when they are nearer to the 

concrete surface.  

 

In any case, flexural splits tend not to be an issue, since they diminish in width from the most 

extreme at the surface while get to be smaller at the levels of the steel utilised for reinforcing. 

The penetration of the corrosion inducing agents like the chloride ions as well as the carbon 

dioxide that is increased at the crack sites further increases the levels of corrosion. This will 

widen and expand the cracks on the concrete to expose more steel. The cracks increase the 

rate of corrosion because they expose more steel to the atmosphere. (Rodriquez, and Andrade, 

2001) 

 

Corrosion simply reduces the toughness of structures. During the process of corrosion, the 

steel bars are corroded hence become weak. This reduces the total support given to the 

concrete. After continuous corrosion and corroding of the steel, the concrete becomes heavier 

making the whole structure to loose balance. This may lead to the collapse of buildings or 

bridges. 
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3 Construction materials  

The excessive tensile stress usually results in cracking of the reinforced concrete member. 

This usually results in the transfer of the tensile forces from the steel reinforcement to the 

concrete by the bond stresses located between the steel bar and the surrounding concrete. This 

lack of toughness usually results in massive as well as increased costs due to increased 

maintenance, consequential building damages and extensive replacements.  

3.1 Ageing of materials 

It can be defined as the gradual process where various properties of material, system or 

structure change over time or with use. This can be due to biological, physical or chemical 

agents like corrosion, weathering and obsolescence. It is, therefore, the change in the physical, 

mechanical and other chemical properties of the metal as well as their alloys.  

 

Building materials, components, as well as assemblies, have to fulfil their functional demand 

during the lifetime of a building. The materials, therefore, must possess satisfactory toughness 

on the properties (Hooton, Stanish and Thomas, 2001). However, the resulting experience is 

unfortunate that most materials often do not satisfy the requirements after a relatively short 

time of use. This lack of toughness usually results in massive as well as increased costs due to 

increased maintenance, consequential building damages and extensive replacements. The 

ageing of building products usually leads to failure of the building materials. The failure, in 

turn, may also result in increased health hazards and the impacts of the hazards when they 

occur. 

 

Natural disasters that cannot be controlled like earthquakes could have negative impacts on 

aged materials, which is quite dangerous. Some of the natural disasters tend to break or 

collapse structures causing damages to the individuals. It is, therefore, important to explore 

and employ the use of materials that have higher toughness during construction.  

3.1.1 Factors of ageing  

Ageing does occur in various ways. Firstly, the natural outdoor climate ageing process, which 

usually takes longer to occur. This can be as a result of natural causes like the atmosphere, the 

rain or the type of materials used. The process takes longer time depending on the economy. 
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The quality of the structures constructed depends on the economy and the prices of materials 

employed. Durable materials are usually expensive making the real estate owners opt for 

cheaper materials that are prone to ageing. 

Building structures are always subjected to large as well as changing climatic strains. These 

climatic strains cause the ageing of the building materials. Examples of the climatic strains 

due to exposure climate factors include the wind, physical strains, earthquakes, oxygen, time, 

pollutions, erosion etc. However, other parameters participate such as the water cement ratio 

for the variety of concrete types, the cement quality etc. (Simioni, 2009)    

3.1.2 Ageing of concrete  

Additionally, concrete usually expands slightly due to the temperature increase and contracts 

once the temperatures fall. With some of the ageing structures, heat cannot be dissipated. This 

change usually leads to cracking of the concrete members resulting in the collapse of the 

structures. Admittedly, the shrinkage potential of the concrete mixtures used as building 

materials is usually perhaps the most critical considerations for the concrete used to construct 

floors and the ground of most structures. Concrete shrinkage due to the loss of volume tends 

to lead to cracking when restraints like the base friction occur.   

3.2 Water to cement ratio 

The properties of the concrete are significantly influenced by the water to cement ratio. This 

ratio is calculated by the weights of the two materials, water and cement. Those two 

ingredients are responsible for the binding of the mix, providing strength and durability to the 

concrete when cured. More specifically, in the area of Cyprus the ratio of 0.4-0.45 is used for 

the production of concrete mixes, which means 100kg of cement requires 40kg of water. The 

range of the ratio is sometimes at the client’s preference.  

 

Although more types of cement are produced, such as CEM II/B-L 32.5R, CEM II A-L 

42.5R, CEM I 52.5N, CEM I 52.5N-SR5 and CEM II/A-L 42.5N (white), the most common 

types used are CEM II A-L 42.5R and CEM I 52.5N. More specifically, type CEM II A-L 

42.5R is chosen more often because is the most cost effective. 
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The best way to think about the w/c ratio is to think that the more water added to the mix, the 

more strength loss the concrete has. Also it affects the porosity, tensile and flexural strengths 

of the material. 

 

Figure 2: The relation between strength and water to cement ratio of concrete (Neville, 1995) 

3.3 Surface treatment of the concrete 

Amid the creation of the structural completions, the concrete surfaces are washed repeatedly. 

The above practice is highly suggested in situations where there exists the likelihood of 

forceful compound like acids or even salts that penetrate the cement. Washing, carving or 

mechanical concrete surface completion may now and then result in the loss of important 

bond rich glue that structures the surface of the concrete. This will diminish the carbonation 

resistance and also the profundity of the spread.  

3.4  Nature of the concrete  

The basic property of the concrete is typically the penetrability. In this way, the degree of 

porousness has a tendency to decide and additionally rate the dispersion of the chloride 

particles or carbon dioxide using the concrete. Porousness can be said to be a component of a 

mix of configuration, curing and additionally compaction. 

3.5  Profundity of the spread on cement  

The absence of the concrete spread for the support has been recognised to be the significant 

issue connected with most disappointments in the tall structures. In many overviews of right 
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around ninety-five structures in Sydney that reach in the range from 6 to 35 stories and 

matured 2 to around 18 years, the normal profundity of the concrete at sights where the 

spalling happened was appraised to be 5.40mm (Ramamoorthy et al., 2007). This 

demonstrates the profundity of the spread is a critical element in deciding the quality of the 

structure.  

3.6  Concrete environment exposure  

Reinforced concrete structures are exposed to the atmosphere and get in touch with 

parameters such as water or the ground. The environment is made out of operators that bring 

the erosion of the reinforcement. Some of these specialists incorporate oxygen, carbon 

dioxide, water and chloride particles. Structures that are normally situated to the seaside areas 

are thought to be in danger from erosion of support because of the entrance of the chloride 

particles coming from the ocean splash and salt loaded wireless transmissions.  

 

The type, as well as the size of the cracks on the surface of the concrete, usually has a critical 

influence on its performance. Structures that are usually close to the coastal regions are 

considered to be at risk from corrosion of reinforcement due to the ingress of the chloride ions 

that occur from the sea spray as well as salt-laden airwaves. In cases where the structural steel 

is exposed to water from the rains or the condensation of water vapour, corrosion results and 

it endangers the structure making it weak. The deterioration of the concrete structures as a 

result of the harsh environmental conditions usually leads to the performance degradation of 

the RC structures. 

 

On the mainland's, the vast majority of the consumption of the reinforcement have a tendency 

to happen due to procedures coming about because of carbonation. This procedure lessens the 

alkalinity of the encompassing cement. Like this, the procedure can happen in any given 

geographic area that encompasses the concrete.  
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4 Structural vulnerability  

Earthquakes are vibrations that sometimes tend to cause shaking to the earth's surface which 

follows emissions of energy within the crust of the earth. The energy above is usually 

generated due to the sudden dislocation on the segments of crusts of the earth's surface. This 

usually occurs via volcanic eruptions or even due to manmade explosions. The dislocation 

from the crusts usually leads to the generation of destructive earthquakes. During the 

earthquake process, the crust tends to bend, leading to the rocks breaking. During the process 

of breaking, vibrations are released which are known as seismic waves. The waves have the 

ability to travel out from the earthquake sources along a surface as well as through the earth at 

differentiated velocity. These waves are the ones that cause the disasters on the surface of the 

earth (Choe et al., 2009). 

4.1  Seismic vulnerability  

Various experimental testing is adequate to determine the seismic performance of buildings. 

Additionally, it is not feasible to effectively determine the seismic performance of the stock of 

buildings located in places like cities experimentally by testing the representative model. The 

seismic performance of the structured stock located in the city can, therefore, be determined 

using techniques known as the risk assessments techniques (Angst, 2011). This seismic risk 

evaluation can, therefore, be defined as the combination of the seismic hazard as well as 

vulnerability. Moreover, the seismic hazard depends on upon the geology of the region under 

consideration. This gives a specific characteristic to the structure. Seismic vulnerability, on 

the other hand, depends on the materials of the structure (Simioni 2009), mechanical 

properties of the materials used during construction, details of the structural components, the 

details of connection, and the layout as well as the geometry of the structure. Different 

approaches can be applied regarding the assessments of the seismic vulnerability of the 

structure.  

4.2  Observed vulnerability 

The vulnerability methods of assessment of expert opinions are usually applicable to the areas 

that have experienced earthquakes over the past years. However, for the other areas, analytical 

strategies used for determining the seismic vulnerability are required. The analytical methods 

that employ simple models of the building are usually based on a small number of input 
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parameters. These parameters consequently have the advantage of analysing a larger number 

of buildings relatively in a short period or duration of time. Besides, the efficiency of the 

method usually increases when the input parameters that are required for the process of 

analysis of the building can effectively capture overall seismic behaviour of the structures.  

 

In the present study, nonlinear time history analysis is used for stimulating the structure 

behaviour under severe earthquakes since it is considered to be more appropriate than other 

methods. The nonlinear dynamic analysis employs the combination of the record of ground 

motion using a detailed structural model (Vu, 2000). It has the capability of producing the 

results that have relatively low uncertainty.  

 

During nonlinear dynamic analyses, detailed structural models that are subjected to the 

ground motion record usually produce estimates of the components of deformations for each 

degree of freedom. The nonlinear properties are also considered to be part of the time domain 

analysis. This is a rigorous approach and is therefore required by various building codes for 

buildings that have unusual configuration. 
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5 Pushover analysis  

It is the common name of the procedures which use simplified nonlinear static analysis, to 

indicate the structural member yielding and failure modes. Therefore, is said to be a static 

nonlinear analysis method that involves the subjection of a structure to the gravity loading as 

well as monotonic displacement controlled load pattern (Mohammed et al., 2014).  Moreover, 

increasing lateral forces can be applied to a structure until it becomes unstable and reaches a 

predetermined limit (Ramamoorthy, 2006). 

 

The basic reason for performing a nonlinear pushover analysis to the frame was to examine 

the original column failure and failing point at different periods of time. The analysis was 

performed for 0, 25, 50, and 75years. The procedures of the analysis along with the results are 

presented in section 7. 

5.1  Nonlinear push over analysis  

For the nonlinear analysis, some of the components used have the ability to yield (Fotopoulou 

et al., 2012). Additionally, inelastic properties sometimes are required for the above 

components. The process of nonlinear analysis is more complicated than an elastic one. In the 

nonlinear analysis, there are also calculations of the inelastic deformations as well as the 

performance which is assessed by using both deformation and strength. These can 

continuously increase via elastic as well as inelastic behaviour until they reach an ultimate 

condition. Consequently, various limitations are currently in place. For instance, all the 

nonlinear properties that usually determine the possible structure damage as a result of the 

forces from the earthquakes are concentrated in nonlinear hinges (Porter et al., 2015).  

5.2  Stages of pushover analysis  

A critical limitation is that the users usually predetermine the nonlinear hinges which is the 

method used in this study. The stages of the analysis start with the definition of the nonlinear 

hinges within a structure. Then, there is a step of assigning the nonlinear properties to the 

hinges. Further, performing the structure analysis for the model just to determine a single 

mode is done. It is also important to identify the parameters of the nonlinear analysis before 

the start of the analysis. The next step involves the determination of the capacity curve and 

last but not least, the performance point stepwise. 
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6 Time History Analysis  

Time history analysis provides a nonlinear or linear evaluation of the structural dynamic 

responses under loading that tends to vary to the time function specified. The analysis obtains 

the structure’s response for each one of the time intervals and provides an evaluation of the 

seismic behavior of the building model.  

 

The observation of the seismic behavior of the model with the time history analysis requires 

the use of accelerograms. The accelerograms had multiple peaks and were repeatedly forcing 

the structure to the nonlinear range. The seismic data were extracted by the following 

earthquakes used by Zinonos 2015. 

Table 1: Seismic data used for the time history analysis 

 

6.1 Accelerograms used in the study 

The accelerograms for the above earthquakes are presented as follows: 

 

Figure 3: Seismic acceleration Friuli 1976, Tolmezzo Italy 
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Figure 4: Seismic acceleration Montenegro 1979, Hercegnovi   

 

Figure 5: Seismic acceleration Kalamata 1986, Greece 

 

Figure 6: Seismic acceleration Loma Prieta 1989,Capitola USA 
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Figure 7: Seismic acceleration Imperial Valley 1979, Bonds Corner USA 

 

Figure 8: Seismic acceleration Imperial Valley 1940, El Centro Array #9 USA 
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7  Structural model 

7.1   Building description 

A 7-floor building model with 3m height each was tested in this study. It contained five 

frames of 5m each in the X-Direction and four frames of 5m each in the Z-Direction. 

Moreover, it was designed in a two dimensional form in SAP2000 software, considering a 

middle frame within which would give the worst case scenario of failure under specific 

loading.  

7.2  Sections characteristics. 

The columns were 425mmx425mm with a reinforcement of 12Υ18 and 300mmx600mm 

beams with 8Y18. The shear links of Y8/20 were considered to be the same in all beams and 

columns and so was the concrete cover of 20mm. The slabs were considered to be 200mm in 

thickness. The analysis uses a characteristic strength of concrete C16/20 and 410 MPa for 

steel.  

 

Figure 9: Model used for failure modes and seismic adequacy through time evaluation. 
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7.3  Corrosion Model 

The corrosion model, as mentioned before, was used to calculate the initiation time of 

corrosion within the members of the reinforced concrete for the scenarios of 0, 25, 50 and 75 

years. The figure below states the start time of corrosion after penetration of chlorides in the 

concrete, according to the methodology mentioned earlier in Section 3.   As stated in Kombou 

2015, the methodology of obtaining the steel area loss after corrosion effects was also used in 

this study.  

    

Figure 10: Automated excel spreadsheet for calculation of corrosion initiation. 

The start time of corrosion was found to be 1.91 years based on the statistical data presented 

in the table below.  
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Table 2: Values on the basis of the Cypriot data in general. 

  

Furthermore, the loss of the main bar reinforcement, as well as shear links, due to corrosion 

appears in the figures below, for all four scenarios.  

 

Figure 11: Automated excel spreadsheet for the remaining steel diameter after 25years. 
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Figure 12: Automated excel spreadsheet for the remaining steel diameter after 50years. 

 

Figure 13: Automated excel spreadsheet for the remaining steel diameter after 75years. 

Once the process of corrosion has started, the percentage of reduction of the steel 

reinforcement was calculated as shown in the figure below.  
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Figure 14: Automated excel spreadsheet for time-dependent loss of reinforcement cross sectional area.  

7.4  Steel ultimate deformation reduction “εsu”.  

 According to Fotopoulou et al. 2013, ductility is taken into consideration hence except from 

steel area loss, the ultimate deformation of steel affected by corrosion is also presented in this 

study.  

 

Using the calculation process for moment – curvature of the middle columns with axial loads 

just as stated in Kombou 2015, the moments and curvature values were obtained at the 

maximum concrete strain. Furthermore, these values were used as properties of the plastic 

hinges at the edges of the members using the SAP2000 software.   
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7.5  Moment vs Curvature methodology 

In order to obtain the moment and curvature values, the properties from the following tables 

were used within the methodology which is described in the following sections. The tables 

show the reduced steel diameter according to the time of reference as mentioned in section 

7.3. The calculations were made in a Microsoft Excel file, in an automated spreadsheet. In 

those calculations, the reduced steel diameter and steel deformation were taken into account. 

As seen below, the diameter of the reinforcement, as well as the diameter of the shear links 

varies for each scenario.  

Table 3: Examination data for 25 years. 

 

Table 4: Examination data for 50 years. 
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Table 5: Examination data for 75 years. 

 

The equations below were used in order to obtain the values of Moment and Curvature.  

7.5.1 Concrete strength “fc” 
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7.5.2 Cross sectional area “A” 
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7.5.3 First moment of cross sectional area “m” 
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7.5.4 Average factor “α” 
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Where, ζc = fc  

7.5.5 Partial factor “γ” 
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7.5.6 Calculation of neutral axis “χ”   
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7.5.7 Tension / Compression force “Fs”  
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7.5.8 Final moment calculation “M” 
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7.5.9 Curvature “Φ” or “1/R” 
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7.6  Limit state of near collapse  

The body of the building has the ability to sustain the expected loads of an earthquake and 

even on some higher levels, without any other safety margins against total collapse (Kombou 

2015).    

 

For the strengths of materials, a corrective coefficient factor of 1.35 (KL1) was used 

(Eurocode 8 – Part 3), which emulates the design based on the practice during the 

construction time and limited on-site inspection. 

 

According to Eurocode 8-Part 3, the value of the total chord rotation capacity at ultimate state 

of members under cyclic loading may be calculated as: 
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Where, γel = 1.5 

 

The value of the plastic part of the chord rotation capacity of members under loading is 

calculated as follows:  
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Parameters:  

γel = 1.5 for Θum   

γel = 1.8 for     
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7.7 Cyclic shear resistance “VR” 

There is a possibility that columns might fail due to shear before bending failure. For that 

reason, the following expression was used to obtain the shear strength of the columns.  

 

   
 

   
 [
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)) √        +]  (6.23) 

Where,  γel = 1.15 for steel  

  
  

                    (6.24) 

          
  

 (6.25)  

               (6.26) 

7.8 Calculation results  

The following tables present the results from the methodology in section 7.7 for the middle 

columns.   

Table 6: 25 Years - excel spreadsheet display of formulae results 
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Table 7: 50 Years - excel spreadsheet display of formulae results 

 

Table 8: 75 Years – excel spreadsheet display of formulae results  

 

7.9 Graphs  

The graph below shows the reduction of the strength of the columns in shearing while the 

years of life of the building are increasing.  The method used to obtain the values of the shear 

forces for the graph was obtained from Eurocode 8.3 and is presented in section 7.7. 

 

Figure 15: Decrease of column strength over time 
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The moment – curvature relationship was produced for all floors of the structural model. The 

graphs below show the relationship for the third floor.  

 

Figure 16: Moment-Curvature for the third floor after 0 years  

 

Figure 17: Moment-Curvature for the third floor after 25 years 
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Figure 18: Moment-Curvature for the third floor after 50 years 

 

 

Figure 19: Moment-Curvature for the third floor after 75 years 
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8 Pushover analysis of a 2D multi-storey building  

The maximum forces acting at the base of the middle columns were monitored and then 

compared to the forces calculated in section 7.8 to finally determine the type of failure. The 

figures below show the step by step procedure followed in the software.  The analysis options 

were set to XZ plane (with Ux, Uz, and Ry DOFs) and the material properties were define as 

seen in Figure 20. 

 

Figure 20: SAP2000 - Concrete Properties   
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Figure 21: SAP2000 – 2D Model with fixed ends 

After the design of the sections, the frame was modeled as seen in Figure 21 with the 

restraints as fixed ends.   

8.1 Hinge Properties  

Plastic hinges were placed at both ends of every member, to monitor the behavior of the 

sections during the pushover analysis on every floor. The properties of the hinges, as shown 

below in Figure 22, have been regulated according to the moment-curvature values from the 

calculations in section 7.8, while the deformation of steel was taken into account.  

 

Figure 22: SAP2000 – Assign hinges properties.  
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Figure 23: SAP2000 – Example of hinge properties on columns for G-Floor sections for the period of 25 

years. 

 

Figure 24: SAP2000 – Example of hinge properties on beams for G-Floor sections for the period of 25 

years. 
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8.2 Load patterns   

The loading patterns of the frame were as follows: distributed Dead Load (DL)= 32.5kN/m 

and Live Load (LL)= 10kN/m (Kombou 2015), while a triangular pattern lateral load starting 

at the value of 1 at the top left joint (node 8) assigned partially deducted downwards at each 

floor level for the pushover analysis as seen in Figure 25. 

 

 

 

Figure 25: SAP2000 – Load Patterns  
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Figure 26: SAP2000 – Triangular lateral load 

8.3 Results of the Pushover analysis 

In the graphical representations below it is shown more precisely the way the columns fail. 

The values stated in the graphs represent the maximum shear forces the columns can 

withstand for the four periods. As age of the building increases, the shear force that it resists 

is reducing and precedes flexural failure of the structure.    
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Figure 27: Comparative Analysis of the Maximum Shear Force at Collapse – 0 years 

 

Figure 28: Comparative Analysis of the Maximum Shear Force at Collapse – 25 years 

  

Figure 29: Comparative Analysis of the Maximum Shear Force at Collapse – 50 years  
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Figure 30: Comparative Analysis of the Maximum Shear Force at Collapse – 75 years   
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9 Time history analysis of a 2D multi-storey building 

With the time history analysis based on the accelerograms presented in section 6.1, the 

seismic evaluation of the capacity of the structure through time is further examined. The 

purpose of the analysis is to show the maximum seismic acceleration value that causes the 

shear failure of the columns.          

9.1 Time history function  

The same model that was used for the pushover analysis has been also used for the time 

history analysis with an addition of the seismic input as shown in the figure below.  

 

Figure 31: Seismic file input for Seismic 1 

The analysis was run for four time periods, namely, 0, 25, 50, and 75 years and with six 

seismic inputs for each one. In addition, the scale factor was changed (see figure 28) so as to 

obtain the closest value that reaches the maximum shear force at the base as it was found in 

the pushover analysis. The closest value to the shear force gives the acceleration that causes 

the failure of the section.  
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Figure 32: Load case of the non-linear time history analysis 

9.2 Results of the time history analysis 

The resulted accelerations from the time history analysis are shown in red in the tables below.  

The tables also show in summary, the overall strength decrease of the model for the four 

periods examined for all six seismic inputs 
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Table 9: Result for Friuli seismic record (PGA = 0.248g) 

 

Table 10: Result for Montenegro seismic record (PGA = 0.25g)  
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Table 11: Result for Kalamata seismic record (PGA = 0.239g) 

 

Table 12: Result for Loma Prieta seismic record (PGA = 0.254g ) 
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Table 13: Result for Imperial Valley 1979 seismic record (PGA = 0.268g) 

 

Table 14: Result for Imperial Valley 1940 seismic record (PGA = 0.255g) 

 

Table 15: Seismic acceleration at collapse 
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10 Discussion 

Based on corrosion modeling, the loss of steel area increases significantly over a given time 

period. In the transition between 0 to 25 years, the area of steel lost is almost 30%, at 50 years 

it is 50% and at 70 years it is 70%.  

 

Examining the results of the pushover analysis, it appears that column shear failure occurs 

within 25 and 50 years of a structure’s life, while taking into account the change in the 

deformation capacity of the reinforcement.  The pushover analysis was used in order to 

observe the type of collapse that will take place in the structure. Usually that failure is shear, 

except from some cases where columns fail due to the decreased reinforcement or by being 

unable to withstand the axial load and crashing occurs before yielding. By deriving the 

moment – curvature relationships for the column sections and the seismic load combinations 

as shown in section 7.9, it was shown that, in some cases, due to high axial force demand in 

columns, and the low percentage of main reinforcement after the bar deterioration from 

corrosion, flexural bar yielding is not achieved prior to the attainment of the crushing strain in 

concrete (ec=0.0035). This failure mode is not as common as the shear one, but, based on the 

results; it should also be addressed due to its brittle nature. In the cases of longer time period 

such as 50 and 75 years the columns fail in shear mainly due to the very limited shear 

reinforcement (links) capacity. This can be seen in the Figures in section 8.3 where the shear 

force indicated on the graphs occurs before concrete reaches its maximum strain capacity and 

steel reinforcement its flexural yielding. 

 

In the figure below and for the case of the 25y period, the maximum shear force on columns 

of the first floor from the seismic combination is at lower levels compared to the force at the 

shear demand. This is not the case though, for the 50y period since a considerable decrease in 

the shear capacity is observed resulting to the point where shear failure precedes the crushing 

failure.  
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Figure 33: Relationship between maximum bearing shear force and base shear force for each floor. 

Based on the results of the time history analysis, it is observed that there is a significant 

decrease in between the scenarios for a specific earthquake. All earthquake data used in the 

study follow a similar pattern. The decrease will play a vital role in a probable earthquake of 

0.1g, which it will cause shear failure. In the last 30 years there have been earthquakes with 

higher accelerations in the area of Cyprus. The reason for not having severe damages when 

earthquakes occurred in the past is because the structures were at the point between 0 to 25 

years. Adding a decade to those structures brings them in the present which means that they 

are entering a critical zone from this point onward.   

 

Figure 34: The influence of aging on seismic capacity, Friuli 1976.  
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The results in section 9.2, show that the members fail due to shearing at fairly low 

accelerations. Moreover, earthquakes of such accelerations are statistically to occur every ten 

years. The time to enhance the capacity of aged buildings that have corrosion problems must 

be within ten years. 

 

Because of the diversity in earthquakes, a mean value was determined to show the results 

more globally. This is a relationship that links the amount in change of acceleration that 

failure occurs vs. time. While time passes, the acceleration that causes failure is decreasing.   

 

Having analysed the structural model as described in section 7.2, the decrease in strength is 

acknowledged. From the results of this study, a 67% of strength reduction is given by the 

figure below. Furthermore, the equation γ              as seen on the graph is given by the 

relationship that links the acceleration to the time.  

This relationship shows how the seismic acceleration is changing versus time.    

 

Figure 35: Relation between the seismic acceleration at failure with time 

In this case, there is a steady reduction of the seismic capacity of the structure, which just 

after the 25y margin, leads to a drop of the expected seismic demand that the structure can 

resist to a value below 0.1g for all records. This pga is considerably lower than the design 

hazard map for Cyprus used for the design of new buildings in Eurocode 8-part1.  It is also 

lower than the maximum recorded acceleration in Limassol since 1995 when the network was 

installed, which was 0.164g (Kyriakides, 2007). It is thus evident that whilst buildings which 

were 25 years of age during the 1996 earthquake might have been able to withstand an 
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acceleration of 0.164g, without significant damages, the allowable seismic demand has 

considerably reduced since, and will lead to exceedance of the column’s capacity if similar 

earthquakes were to occur again. Analyzing 50 years later, a typical building that was built 

before a certain period, according to previous regulations and data, the reduced strength seems 

to be around 50%, which is very important to be acknowledged.  
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Conclusion 

This study examined the response of an existing building for the time-varying vulnerability of 

the aging phenomenon. The two main phenomena which were examined in more depth were 

the steel area loss and its maximum deformation.  

 

Based on the model used, the reinforcement starts to corrode almost 2 years after its 

construction. The initiation of corrosion was based on the water/cement ratio of 0.45.  

 

The findings state that the steel diameter was reduced to 15.32mm from 18mm for the 25y 

scenario.  The steel diameter for the 50y scenario was reduced to 12.42mm and to 9.52mm for 

the 75y scenario.  

 

Having considered the steel area loss, it was also reasonable to look at moment – curvature 

relationship after applying load to the corrosion model. Then the maximum shear resistance of 

the columns was obtained as seen in section 7.8. It can be seen from the above that shear 

failure occurs before crushing failure. 

 

In the final analysis, the results present the accelerations that force the columns to fail for the 

four scenarios. The procedure of time history analysis was repeated for six seismic records as 

seen in section 6. In short, the results show acceleration values, around 0.1g that comes close 

to the maximum base shear that causes the column to collapse.   

 

It is a fact that there are RC buildings in Cyprus that survived previous earthquakes with no 

relative damages. As a rule, people have the impression that undamaged buildings after struck 

by earthquakes would behave similarly when possible future earthquakes occur. This 

impression however, neglects the impact of corrosion as well as the deformation of the 

reinforcement on the RC structures. The results from this study certainly suggest that it is 

important to consider retrofitting of the above structures. 

 

Furthermore, there is still room for future research in various aspects of this study. Firstly, 

effective testing is needed for tall structures to possibly determine the role of geometry of the 

members on strength deterioration.  
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Further, the development of new construction materials that are resistant to corrosion would 

increase the life and durability of structures. Construction companies, as well as engineers, 

should, therefore, employ construction materials that are not prone to corrosion. It will also 

enhance construction in coastal areas with a minimum risk of corrosion. 
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