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D3.6: State-of-the-art fragility curves of typical RC and masonry 

structures considering SFSI and aging effects 

Vulnerability assessment is commonly carried out considering fixed-base structures, 

i.e. neglecting the interaction between the soil, foundation and structure (SFSI) as well as 

the impact of progressive deterioration due to various time-variant mechanisms. In the past 

decades, many research efforts were dedicated to highlight how SFSI and aging can modify 

the response of a structure subjected to earthquakes, and consequently have effects on 

fragility and vulnerability assessment. In this light, the up-to-date literature proves that 

neglecting those effects may lead to inaccurate fragility and loss estimates, which constitute 

fundamental components in the framework of risk assessment. To understand the current 

challenges related to the aforementioned effects, this deliverable reviews the state-of-the-

art of fragility curves considering SFSI and aging effects. In the following, after a short 

theoretical background on fragility curves (Section 1) the effects of SFSI (Section 2) and 

aging (Section 3) on fragility curves are outlined. 

  



 

 

 

1 Seismic fragility analysis 

In the last years, fragility curves have emerged as fundamental support tools for 

decision-makers and stakeholders to identify the potential seismic risk and the 

consequences in pre- and post-earthquake management. The fragility can be defined as the 

conditional probability of exceeding a predefined limit state given the intensity measure (IM): 

 𝑃[𝐷 > 𝐶𝐿𝑆|𝐼𝑀] = 𝜙 [
𝑙𝑛𝐼𝑀 − 𝑙𝑛𝜇𝐼𝑀

𝛽𝐼𝑀
] (1) 

where D denotes the structural demand and CLS is the capacity of the structure 

associated with different prescribed limit states LS. This probability, as reported in Eq. (1), 

can be expressed as a standard normal cumulative function Φ with respect to the IM at the 

performance point (see Figure 1). Where µIM is the median threshold value of the earthquake 

parameter IM required to cause the achievement of the performance level, βIM is the total 

log-standard deviation. 

  

(a) (b) 

Figure 1 Fragility functions for low-code reinforced concrete (a) medium-rise frame structures and (b) 

medium-rise dual-system structures considering different limit states: LS1=Slight, LS2=Moderate, LS3=Substantial to 

heavy, LS4=Very Heavy, LS5=Complete (Kappos et al., 2003)[57]. 

The ground motion intensity measure, IM, represents the earthquake-induced ground 

shaking. Several studies addressed different IM for fragility’s computation in the last 

decades (Luco and Cornell, 2007 [71]; Porter et al., 2007 [90]), because there are signal 



 

 

 

characteristics that influence the structural response but are not fully represented by IM 

(Baltzopoulos et al., 2017 [6]). In this regard, IM should be chosen to reach desired 

properties such as sufficiency, efficiency (Ebrahimian et al., 2015 [37]) scaling robustness 

(Tothong and Luco, 2007 [115]) and hazard computability (Giovenale et al., 2004 [45]), 

further explained in the following. An intensity measure is sufficient if the probability 

distribution of the conditional structural response to IM, i.e. P[D|IM] does not depend on any 

earthquake characteristics outside of IM. On the other hand, an intensity measure is efficient 

if leads to relatively small variability of demand measure (D) given IM. Consequently, one 

intensity measure is more efficient than another if, with the same accuracy in estimating the 

demand set, the intensity level is such that the demand distribution P[D|IM] estimate is 

obtained with a smaller number of analyses. Recent studies have also shown a relation 

between these two IM properties, in particular Bradley et al. (2010) [14] found that the more 

efficient is the IM, the higher is the sufficiency.  

Scaling robustness of the chosen IM is another important assumption, i.e. the practice 

of scaling the accelerogram is legitimate if the structural response corresponding to a given 

level of IM is the same as what would get by applying a ground motion recorded with the 

same IM (Iervolino and Cornell, 2005 [48]). Finally, IM should be efficient for seismic hazard 

computability. For example, hazard maps are available for PGA or spectral acceleration at 

different discrete periods (INGV [49]; USGS [117]); nonetheless, other IM such as the 

commonly used spectral acceleration in correspondence of the first period of the structure 

require more information and effort for their determination.  

During the years different intensity measure types have been used, which can be 

classified into two main categories: observational IM types and instrumental IM types 

(Pitilakis et a., 2014 [89]). With regard to the first categories, different IM have been largely 

used to characterize the ground shaking intensity, such as Mercalli-Cancani-Sieberg 

Intensity Scale (MCS), Modified Mercalli Intensity Scale (MMI), Medvedev-Sponheuer-

Karnik Intensity Scale (MSK81), European Macroseismic Scale (EMS98). As reported in 

Figure 1, the peak ground acceleration PGA is the most commonly used instrumental 

intensity measure accounting for the 38% of the IM for the fragility studies addressed in 

Pitilakis et al. (2014) [89].  

This is followed by the spectral displacement at the natural period of the structure 

Sd(T) (Castaldo et al., 2017 [19]; Castaldo and Alfano, 2020 [18]) or at the anelastic period 



 

 

 

Sd(TLS), accounting for the 23 and 15% respectively.  Different authors have brought forth 

the use of the spectral acceleration at the fundamental vibration period of the structure Sa(T).  

 

Figure 2 Pie chart presenting the different percentages of intensity measures commonly used to develop fragility 

function for reinforced concrete buildings as reported in Pitilakis et al. (2014) [89].   

The reason why PGA has been largely used in the past decades is because hazard 

models, and more specifically Ground motion prediction equations, were typically developed 

in terms of PGA (Sabetta and Pugliese, 1987 [101]; Bindi et al., 2011 [11]). However, PGA 

is more suitable for short period structures under low levels of intensity (Lagomarsino and 

Cattari, 2015 [68]). On the other hand, Sa(T) is generally considered and has shown to be 

more efficient than PGA and sufficient in several situations (Shome et al., 1998 [107]).  

As a matter of fact, an elastic single degree of freedom system (SDOF) subjected to 

a different number of records characterized by the same Sa(T=oscillator period) will always 

exhibit the same maximum response. For this reason, the spectral acceleration  Sa(T) is a 

good predictor of the response of an elastic multi-degree of freedom system (MDOF) 

dominated by the first mode of vibration. This is also true for the assessment of inelastic 

structures for the “equal displacement rule” (Vidic et al., 1994 [122]). A series of effective 

research attempts have also been made on more suitable IM for predicting the structural 

performance, such as the average spectral response acceleration, i.e., the sum of the 

natural logarithm of spectral acceleration values computed over a range of T values 

(Bianchini et al., 2009 [10]; Eads et al., 2013 [36]) or vector‐valued IM (Baker and Cornell, 

2006 [4]; Kohrangi and Vamvatsikos, 2018 [65]).  



 

 

 

During the years different analytical and experimental data have been used to identify 

CLS, i.e. the structural capacity associated with the performance level. Capacity is generally 

assumed to be a deterministic value (Bakalis and Vamvatsikos, 2018 [2]), and in such case, 

the identification at different limit states can be carried out by means of static non-linear 

analysis. In alternative the capacity can be identified directly from the results of non-linear 

dynamic analysis, in such case, it will be a random variable with its own distribution, usually 

lognormal, independent from the value of seismic intensity. 

1.1 Methods for fragility computation 

The fragility analysis of concrete structure, as well as masonry structures, can be 

performed by means of empirical, analytical and hybrid methods (Calvi et al., [17]). 

1.1.1 Empirical methods 

The development of fragility curves can be carried out based on judgmental and field 

observations (Figure 3) (Sabetta et al., 1998 [102]; Rossetto and Elnashai, 2003 [99]). In 

this case, fragility functions are expressed with respect to IM such as PGA or Sa(T) which 

are converted from the observed macroseismic intensity. 

  

(a) (b) 



 

 

 

 Figure 3 Empirical vulnerability curves generated for (a) PGA and (b) Sa(T) for reinforced concrete building 

populations derived based on a data bank of 99 post-earthquake damage distributions observed in 19 earthquakes 

and concerning a total of 340 000 RC structures from the study of Rossetto and Elnashai (2003) [99]. 

These methods, being based on post-earthquake field investigations, are generally 

considered the most reliable and with less uncertainties, thus, can capture the real structural 

response to different earthquake scenarios. However, such fragility curves are strictly site- 

and structure-specific, and not replicable or usable for different scenarios. Moreover, they 

are generally limited to a small range of intensity measures. Furthermore, fragility curves 

derived from engineering judgment may not be reliable, because the opinions of a few 

experts may dominate the whole results. 

1.1.2 Analytical methods 

The lack of empirical data (Silva et al., 2019 [109]) at high intensity measure levels 

and the rapid development of computational tools has led to the analytical computation of 

fragility curves (D’Ayala et al., 2014 [30]). Analytical fragility curves are based on the 

estimation of damage distributions through the numerical analysis of structural models 

subjected to seismic loading. The first step in the fragility computation is to obtain, by 

numerical simulation, a link between the structural response and the seismic intensity 

measurement in the D-IM domain. Then, the analysis results will be a sample of points in 

terms of structural response, characterized by a distribution P[D|IM].  

Analytical fragility functions can be developed using a variety of methods such as 

elastic spectral analysis, non-linear static analysis and nonlinear time history analysis. 

Despite being one of the most computationally expensive methods, the latter method of 

analysis is the most reliable one for generating fragility curves (Shinozuka et al., 2000 [106]) 

being able to catch the real response of structures subjected to seismic loading. Although, 

the actual application of the non-linear time history analysis further varies depending on the 

numerical simulation used when subjecting the structure to different records. 

One of the simplest but not least time-consuming methods for generating fragility 

curves is the incremental dynamic analysis (IDA) (Vamvatsikos and Cornell, 2002 [118], 

Vamvatsikos et al., 2003 [119]). This kind of analysis arises from the need to characterize 

the fragility of the structure for high IM values. Indeed, it is well known that the increase in 

seismic intensity corresponds to earthquakes with a greater return period, i.e. rare or not 



 

 

 

easily observable (D’Ayala et al., 2014 [30]). For this reason, IDA plans to scale records to 

find the desired IM value. The so-called IDA curves are then constructed by interpolating 

the resulting D-IM discrete pairs, as shown in Figure 4.  

  

(a) (b) 

Figure 4 (a) IDA curve resulting from spline interpolation of dynamic analysis results for a single record (blue 

dot points) and (b) 20 different records, including the associated limit-state capacity for collapse prevention limit state 

(red dot points) (Vamvatsikos et al., 2003 [119]). 

Even though many researchers pointed out how excessive scaling can lead to 

remarkable bias in the dynamic response (Baker and Cornell, 2006 [4]; Lin et al., 2013a,b 

[69][70]). As an alternative, a multi-stripe analysis (MSA) (Jalayer and Cornell, 2003 [51]) 

can be performed by selecting multiple sets of records, each of which is used at a specific 

IM level spanning the IM domain. As suggested by different authors (Jalayer et al., 2017 

[53]) it’s desirable to perform non-linear analyses using unscaled records. In this regard, 

cloud analysis (CA) (Jalayer et al., 2015 [52]) is becoming widespread, selecting different 

records spanning the IM domain without the need for any scaling procedure.  

That being said, analytical derivation of fragility curves typically involves fitting a 

parametric probability model to the results of dynamic analysis. Generally, a linear or 

piecewise-linear regression model is adopted to evaluate the dependent variable D as a 

function of the independent variable IM (see Figure 6) in the log-log scale. The most common 

form of linear regression is called least squares fitting mathematical tool for finding the best-



 

 

 

fitting line to a given set of points by minimizing the sum of the squares of the residuals 

(offsets) of the points from the line. The sum of the squares of the residuals is used instead 

of the offset absolute values since it allows the residuals to be treated as a continuous 

differentiable quantity. This mathematical model leads to a series of simplifying 

assumptions. The conditional standard deviation of D given IM does not depend on IM, 

consequently, the variation of D around the regression line will be the same across the IM 

values. This assumption of having constant dispersion is called homoskedasticity. It is worth 

mentioning that this limited assumption can be overcome by performing piece-wise linear 

regressions over different IM intervals. Further assumptions are the linear mean response 

versus IM in the logarithmic scale, and the lognormality of the response given IM (Jalayer et 

al., 2017 [53]). On the other hand, the dependence of the seismic demand D on the intensity 

measure IM in the linear scale can be easily expressed by a power-law model (Cornell et 

al., 2002 [26]) as reported in Eq. (2).  

 𝐷 = 𝑎𝐼𝑀𝑏 (2) 

Within these simplifications, the coefficient of determination, i.e. the so-called R-

square (R2) can be evaluated since it provides information about how well the regression 

fits the data. It ranges between zero and one. Accordingly, as can be observed in Figure 5, 

the IM best predictor of D is the one corresponding to the R2 values close to one (Ebrahimian 

et al., 2015 [37]).  



 

 

 

  

(a) (b) 

Figure 5 Comparison of cloud regression using different intensity measures in case of (a) IM bad predictor of 
D and (b) IM good predictor of D (Ebrahimian et al., 2015 [37]).  

 

  

(a) (b) 



 

 

 

Figure 6 Cloud Analysis data and regressions transverse and longitudinal frame, considering a large set of 
records as reported in Jalayer et al. (2017) [53].The slope and intercept of the logarithmic linear regression are 
reported on the left top side of each graph. 

An inevitable consequence of such analytical methods is to deal with the so‐called 

collapse cases (red square data points in Figure 6), i.e. the cases leading to structural 

collapse and/or reaching dynamic instability due to large deformations (Shome and Cornell, 

2000 [108]). To formally consider the collapse cases, an improved fragility model is 

proposed in the literature in Jalayer et al. (2017) [53] mixing the simple regression (grey 

dashed line in Figure 6) in the log-log scale with logistic regression. As an alternative, 

different authors (see Crowley et al., 2017 [29]) propose to deal with collapse cases using a 

censored regression (Stafford, 2008 [111]) i.e. for example censoring the observations at 

1.5 times the EDP associated to the complete damage state (Martin and Silva, 2020 [73]). 

It is worth mentioning that in such cases applying a normal linear regression could 

lead to a biased model (Crowley et al., 2017 [29]). In order to overcome this issue, the 

maximum likelihood technique can be used calculating the fragility function parameters by 

varying the parameters until the likelihood function is maximized (Baker, 2015) [5]. 

One key aspect in the analytical fragility computation is the ground motion selection 

(Silva et al., 2019), since it provides the necessary link between seismic hazard and 

structural response (Lin et al., 2013a,b [69],[70]). In this regard, record selection should be 

carried out in order to reflect the expected dominant ground motion characteristics at each 

level of intensity measure. In particular, the parameter epsilon, i.e. the number of logarithmic 

standard deviations by which a given ground motion intensity measure value differs from the 

mean predicted value for a given magnitude and distance, is the record characteristic that 

mostly influences the distance between structural response and its mean value for a given 

intensity level (Baker and Cornell, 2006 [4]). Provided that, in the last years an increasing 

number of researchers (Iervolino and Cornell, 2005 [48]; Karapetrou et al., 2015 [60]) use 

epsilon as a proxy for spectral shape considerations. That being said, different records 

should be selected to match a target spectrum (Baker, 2011 [3]; Jayaram et al., 2011 [54]) 

and carefully chosen in order to reflect disaggregation (Bazzurro and Cornell., 1999 

[7];Shome et al., 1998 [107]) of seismic hazard at each IM value. 

1.1.3 Hybrid methods 



 

 

 

In the framework of fragility analysis, to overcome the problems related to the 

aforementioned approaches such as the inadequate damage data from real earthquakes, 

the subjectivity of judgmental data and uncertainties associated with analytical procedures, 

in recent years have been proposed hybrid approaches which combine empirical data 

(appropriate for the area and structural typology considered) with analytical methods 

(Kappos et al., 2004,2006 [56],[58]; Kappos, 2016 [55]).  

1.2 Uncertainties in fragility functions 

Fragility functions are uncertain quantities, accounting for both aleatoric and 

epistemic uncertainties (Ellingwood and Kinali, 2009 [38]; Kiureghian and Ditlevsen, 2009 

[64]).  Aleatory uncertainty is associated with the intrinsic randomness of a phenomenon. 

On the other hand, the epistemic uncertainty is caused by a lack of knowledge. In the 

framework of more refined risk assessment is worthy to make such distinction since the lack 

of knowledge associated with the epistemic uncertainty can be reduced by intruding more 

data and using refined models. In general, the uncertainty of the fragility parameters is 

estimated through the standard deviation, βtot, that describes the total variability associated 

with each fragility curve.  This βtot is modelled by the combination of the different variability 

sources (NIBS, 2004 [41]), assuming that they are stochastically independent and 

lognormally distributed random variables. The first source of uncertainty is associated with 

the definition of damage states. Moreover, capacity uncertainty is associated with the 

inherently modelling procedure as well as incomplete knowledge about structural properties, 

stiffness, ductility, and mass. Lastly, the record to record variability associated with the 

randomness of ground motions. Typical values of log standard deviations associated with 

the different sources can be found in NIBS (2004) [41], (i.e. for example the uncertainty in 

the damage-state threshold of the structural system is equal 0.4, for all structural damage 

states and building types and the variability in capacity properties of the model building is 

equal to 0.30 for Pre-Code buildings). 

 

1.3 Fragility functions at urban scale 



 

 

 

The fragility assessment presented so far can be applied at the site-building single 

case and can be further expanded to the urban scale. At the city scale, considering the high 

exposure concentration and moreover, the high level of complexity, the encouragement in 

the adoption of simplified models is fundamental to identify the most correct risk mitigation 

policies, both in short and long terms. Different methods of analysis for seismic risk at a 

large scale have been developed during the last years (D’Ayala et al., 2014 [30]; NIBS, 2004 

[41]; Pitilakis et al., 2014 [89]). Most of these studies highlight how seismic vulnerability 

analysis at urban scale requires collecting information on the spatially distributed portfolio of 

structures and/or infrastructures. In the methodology proposed in Pitilakis et al. (2014) [89] 

the interactions between different components and systems are considered in the analysis, 

as they may lead to an increase in the global vulnerability and risk of the systems. To reduce 

considerably the computational effort involved in a fragility analysis on such a large scale 

it’s convenient to classify buildings with similar characteristics as force resisting mechanism, 

height and code level, just to mention few. This classification, also known as taxonomy, is 

justified considering the structures with similar characteristics are more prone to experience 

similar behaviour when subjected to seismic forces. Different taxonomies have been 

provided during the last year for Europe as GEM taxonomy [30] and the one reported in 

Table 1 and USA (NIBS, 2004 [41]). 

Table 1 SYNER-G taxonomy for buildings in Pitilakis et al. (2014) [89]. 

CATEGORY SUB-CATEGORY 

Force Resisting Mechanism (FRM1) 

● Moment Resisting Frame (MRF)  

●  Structural Wall (W)  

● Flat Slab (FS)  

● Bearing Walls (BW)  

● Precast (P)  

● Confined Masonry (CM) 

Force Resisting Mechanism (FRM2)  

● Embedded beams (EB)   

● Emergent beams (EGB) 

FRM Material (FRMM1)  

● Concrete (C)  

● Masonry (M) 

FRM Material (FRMM2)  

● Reinforced Concrete (RC)  

● Unreinforced Masonry (URM)  

● Reinforced Masonry (RM)  



 

 

 

● High strength concrete (>50MPa) (HSC)  

● Average strength concrete (20-50 MPa) (ASC) 

● Low strength concrete (<20 MPa) (LSC)  

● Fired brick (FB) 

● Hollow clay tile (HC)  

● Stone (S) 

● High yield strength reinforcing bars (>300MPa) (HY) 

● Low yield strength reinforcing bars (<300MPa) (LY) 

● Classification of reinforcing bars based on EC2 

(A,B,C) 

● Lime mortar (LM)  

● Cement mortar (CM)  

● Mud mortar (MM)  

● Smooth rebars (SB)  

● Non-smooth rebars  

● Concrete Masonry Unit (CMU)  

● Autoclaved Aerated Concrete (AAC)  

● High % of voids (H%)  

● Low % of voids (L%)  

● Regular Cut (Rc)  

● Rubble (Ru) 

Plan (P)  

● Regular (R)  

● Irregular (IR)  

 

Elevation (E) 

● Regular geometry (R) 

● Irregular geometry (IR) Cladding 

 

Cladding (C)  

● Regular infill vertically (RI)  

● Irregular infill vertically (IRI)  

● Bare (B) 

Cladding Characteristics (CM)  

● Fired brick masonry (FB) 

● High % voids (H%) 

● Low % voids (L%) 



 

 

 

● Autoclaved Aerated Concrete (AAC)  

● Precast concrete (PC)  

● Glazing (G)  

● Single layer of cladding (SL)  

● Double layer of cladding (DL)  

● Open first floor (Pilotis) (P) 

● Open upper floor (U) 

Detailing (D)  

● Ductile (D) 

● Non-ductile (ND) 

● With tie rods/beams (WTB) 

● Without tie rods/beams (WoTB) 

 

Floor System (FS) 

● Rigid (R) 

● Flexible (F) 

Floor System Material (FSM)  

● Reinforced concrete (RC) 

● Steel (S) 

● Timber (T) 

Roof System (RS) 

● Peaked (P) 

● Flat (F) 

● Gable End Walls (G) 

Roof System Material (RSM) 

● Timber (Ti) 

● Thatch (Th)  

● Corrugated Metal Sheet (CMS) 

Height Level (HL) 

● Low-rise (1-3) (L)  

● Mid-rise (4-7) (M) 

● High-rise (8-19) (H) 

● Tall (20+)(Ta) 

Number of stories (NS)  

Code Level (CL)  

● None (NC)  

● Low (<0.1g) (LC)  

● Moderate (0.1-0.3g) (MC)  

● High (>0.3g) (HC) 

 



 

 

 

 

  



 

 

 

2 Soil-foundation-structure interaction 

Despite the conventional design based on the fixed-base structure, the seismic 

response of a real building if the subsoil is soft, may be affected by the interaction among 

soil, foundation and structure. The modification of the dynamic behaviour of existing 

structures founded on soft soil with respect to the typical fixed-base assumption has been 

recognized by different authors in the past (Veletsos and Meek, 1974 [121]; Wolf, 1985 

[123]; Paolucci, 1993 [82]) and more recently (de Silva, 2020 [32]; Piro et al., 2020 [86]). In 

deformable soil conditions, soil foundation structure interaction (SFSI hereafter) effects are 

expected, affecting the structural performance and modifying considerably the structure's 

seismic vulnerability compared to the reference case in which the structure is assumed as 

a fixed-base and no SFSI or site effects are taken into account (Rajeev and Tesfamariam, 

2012 [91]). In this regard, in the framework of a more reliable risk assessment, the fragility 

curves need to be modified with the introduction of SFSI, in the case of compliant systems. 

2.1 General notion on SFSI 

If the subsoil is soft and the foundation depth is significant, the ‘kinematic interaction’ 

due to the relative soil-foundation stiffness may introduce a ‘filtering effect’ on the free-field 

motion (FFM) (Elsabee and Murray, 1977 [39]), which results in a different seismic action 

transmitted by the foundation to the structure also known as foundation input motion (FIM). 

For structures founded on shallow foundations, this filtering effect is often negligible 

(Kramer, 1996 [66]) and SFSI reduces to the so-called ‘inertial interaction’, where the 

absolute structural displacement is increased due to the subsoil compliance (Veletsos and 

Meek, 1974 [121]; Gazetas, 1983 [42];  Stewart et al., 1999a,b [112],[113]; Mylonakis and 

Gazetas, 2000 [77]). An increase of the fundamental period of the system is attributed to the 

inertial interaction (Maravas et al., 2014 [72]), due to deformability of the foundation soil. An 

increase of the overall damping is attributed to the energy dissipation mechanisms (wave 

radiation and hysteretic action) mobilized in vibrating SFSI systems (Mylonakis et al., 2006 

[78]; Paolucci et al., 2013 [83]; Pitilakis et al., 2013 [87]). Moreover, in softer soil formations, 

the soil compliance can modify the structural performance leading to either beneficial or 

unfavourable effects, depending on the dynamic properties of the soil, the structure and the 



 

 

 

characteristics (frequency content, amplitude, significant duration) of the input motion (Dutta 

et al., 2004 [35]; Sáez et al., 2011 [105]; Rajeev and Tesfamariam, 2012 [91]). 

A first attempt to quantify the relevance of soil-foundation-structure interaction in the 

seismic demand can be performed by means of the structure-to-soil stiffness ratio 1/σ (f 

h/Vs) (NIST, 2012 [41]) in which f is the structural fixed-base fundamental frequency, h  is the 

height of the structural gravity centre and Vs is the shear wave velocity of the underlying soil. 

If the structure-to-soil stiffness ratio 1/σ is greater than 0.1, the increase of the fundamental 

period and damping ratio is expected to be significant (Veletsos and Nair, 1974 [120]). In 

this regard, the influence of SFSI on seismic response of structures is often applied by 

modifying the fixed-base building period and the damping ratio considering the effects of 

foundation compliance (Maravas et al., 2014 [72]). 

As already said, in seismic design procedures SFSI effects are generally neglected, 

mainly because of the expected seismic demand reduction associated with the period 

elongation and damping increase. It is worth clarifying that this is true only if the 

aforementioned increase in lateral natural period shifts to a region of the response spectrum 

which corresponds to a demand reduction (data points associated to the green arrow in 

Figure 7). In the case of high-rise structures, i.e. for flexible systems, which fixed-base period 

lies in the long period region of the response spectrum, the spectral acceleration is generally 

expected to get reduced. On the other hand, as shown in Dutta et al. (2004) [35] in the case 

of low-rise structures SFSI may play a significant role in the increase of the seismic base 

shear force. Generally, the lateral fixed-base period of low-rise buildings being very small 

may lie within the initial sharply increasing zone of response spectrum (data points 

associated to the red arrow in Figure 7). Hence, in such cases period elongation associated 

with SFSI may cause an increase in the spectral acceleration ordinate.  



 

 

 

 

(a) (b) 

Figure 7 Illustration proposed in NIST (2012) [80] for inertial SFSI effects on spectral acceleration (base 
shear) associated with period lengthening and damping increase, considering the period (T) axis in (a) linear scale 
and (b) log scale. 

On the other hand, period elongation is always associated with an increase in the 

displacement spectral ordinate. In fact, although SFSI tends to reduce the structural 

distortion, the foundation translation and rocking due to the soil compliance lead to an 

increase of the overall displacement (Karatzetzou et al., 2020 [61]). 

2.2 Modelling approach of SFSI 

In the up-to-date literature, the incorporation of SFSI in the analytical computation of 

fragility functions can be done by means of simplified approaches, based on the uncoupled 

‘substructure method’, as well as refined complete SFSI models based on the ‘direct method’ 

(NIST, 2012 [80]). These approaches can be easily implemented in different software for 

generating fragility curves and have been proven to provide a reliable estimate of the seismic 

vulnerability of structures in soft soil conditions (Karapetrou et al., 2015 [60], Cavalieri et al., 

2020 [22]).  



 

 

 

Following the substructure approach, it is possible to decouple the interaction 

phenomena in two separate systems. Firstly, kinematic interaction is carried out by 

evaluating the FIM to be transmitted to the structure through the analysis of the massless 

foundation and structure. For inertial interaction analysis, the FIM is then applied to the 

structural system and inertial forces arise in the structure which in turn result in forces and 

moments at the foundation level. Following this simplified approach, kinematic effects 

(Kramer, 1996 [66]) can be introduced in the analysis by a frequency-dependent transfer 

function relating the free-field motion to the foundation input motion. For inertial interaction, 

in the most widespread simplified approach, also suggested by some international 

guidelines (BSSC, 2004 [16]), the structural model is placed on translational and rotational 

springs and dashpots simulating the frequency-dependent soil-foundation impedance 

functions. Analytical expressions for the real and complex impedance components available 

in the literature mostly refer to regular or irregular rigid massless foundations, more or less 

embedded in the soil (Pais and Kausel, 1988 [81]; Gazetas, 1991 [43]; NIST, 2012 [80]). 

Over the last years, this approach has become one of the most widespread being the 

impedance functions easily implemented in modern software (Petridis and Pitilakis, 2020 

[85]). For example, in the Open System for Earthquake Engineering Simulation (OpenSees) 

software (Mazzoni et al., 2006 [74]), such impedances can be implemented defining for each 

degree of freedom of the foundation elastic springs, modelled by means of zero-length 

elements. A more refined way to implement the inertial interaction in OpenSees can be done 

instead through Beam on Nonlinear Winkler Foundation (BNWF) model (Harden et al., 2005 

[47]) shown in Figure 8(a). The update with respect to the previously mentioned technique 

is the possibility to account for soil-structure interaction phenomena using one-dimensional 

non-linear springs distributed along with the soil-foundation interface Figure 8(b). The 

‘shallow generation’ command (Raychowdhury et al., 2008 [95]) automatically implements 

the BNWF model and consists of elastic beam-column elements that capture the structural 

footing behaviour with independent ‘zero-length’ soil elements that model the soil-footing 

behaviour.  



 

 

 

 

(a) (b) 

Figure 8 Schematic illustration of beam-on-nonlinear-Winkler foundation (BNWF) (a) hypothesized 
foundation-superstructure system and (b) idealized model (Raychowdhury et al., 2008 [95]).  

There has been a substantial increase in the adoption of this model among 

researchers since has been proved to correctly predict the experimentally observed 

behaviour of shallow foundation. However, taking into account the non-linearity may not be 

easily achievable by the substructure approach since it involves the application of the 

principle of superposition which applies only to linear systems (Kutanis and Elmas, 2001 

[67]). 

As an alternative, the direct approach can be adopted. Finite elements or finite 

difference complete models are generally justified only for high-value buildings (de Silva, 

2020 [32]; Karatzetzou et al., 2020 [61]) due to the computational effort required for the 

analysis and the complications that may arise modelling the domain as well as the 

foundation-soil interface as shown in Figure 9. Specifically, the extension of the lateral 

boundaries should be checked thoroughly to correctly model the energy loss due to seismic 

wave propagation. Otherwise reflected waves may be generated leading generally to an 

overestimation of the amplification. Despite this, this method has the advantage of 

considering simultaneously both the inertial and the kinematic interaction effects and 

providing precious insights on the effects of non-linear soil behaviour (Pitilakis et al., 2014 

[88]). 



 

 

 

 

Figure 9 Schematic illustration of a direct analysis of soil-structure interaction using continuum modelling by 
finite elements proposed in NIST (2012) [80]. 

Different results may be obtained depending on the modelling used to assess the 

effects of the interaction (Karapetrou et al., 2013 [59]). In particular, the demand estimation 

evaluated when applying the direct method may be lower than the one assessed with the 

substructure approach (Tomeo et al., 2018 [114]).  

2.3 Effects of SFSI on Vulnerability of structures 

Nowadays only a few studies take into account the effects of SFSI in the vulnerability 

assessment of reinforced concrete and masonry structures. This is mainly because the 

incorporation of SFSI phenomena in the analysis, during the past years, has been generally 

considered beneficial reducing the seismic demand and consequently the corresponding 

structural damage of non-linear systems (Ciampoli and Pinto, 1995 [25]). More recently, it 



 

 

 

has been recognized that SFSI might lead to non-negligible effects on the seismic demand 

as well as the seismic capacity of structures, modifying considerably the fragility functions.  

  

(a) (b) 

Figure 10 Comparison between fragility curves considering SSI and NL soil behaviour effects for a 4-story 
infilled structure resting on compliant soil (dashed lines) with (a) Vs30= 180 m/s  and (b) Vs30= 300 m/s and the 
reference fixed-base fragility curves from Kappos et al. (2006) [58] (continuous lines). Considering the following 
damage states: SD: slight damage, MD: moderate damage, ED: extensive damage, CD: complete damage, as 
reported in the study by Petridis and Pitilakis (2020) [85]. 

In particular, the consideration of site and SFSI effects may significantly change the 

behaviour of structures subjected to seismic loading, producing an important shift to the left 

of the fragility curves compared to the fixed-base case (i.e. for example Figure 10). 

Especially in the case of high-rise structures designed with low-code prescriptions 

(Karapetrou et al., 2015 [60]). 

Besides, several analytical studies (Mitropoulou et al., 2016 [76]) once demonstrated 

the structural performance of high structures is considerably affected by the foundation 

system compared with the low and mid-rise buildings. Moreover, if the flexibility of the 

foundation is taken into account, an increase in the vulnerability of structural members of 

the lower stories of moment frame and dual system buildings is expected (Behnamfar and 

Banizadeh, 2016 [8]).  

As stated before, SFSI effects decrease when the relative soil-structure stiffness 

increases. As a matter of fact, SFSI effects on vulnerability are shown to be more 

pronounced in the case of stiff structures resting on soft soil (corresponding to low σ values) 



 

 

 

(Rajeev and Tesfamariam, 2012 [91]). Specifically, in such cases as well as for slender 

buildings in soft formation the damage index increases (Nakhaei and Ali Ghannad, 2008 

[79]).  

With a special focus on the influence of the uncertainties in soil properties, foundation, 

and ground motion characteristics Rajeev and Tesfamariam (2012) [91] investigated the 

effects of the SFSI on fragility curves. Performing dynamic analyses on low-code concrete 

frames including non-linear soil-foundation interaction through the BNWF model, they have 

shown that fragility curves including SFSI may differ from the fixed-base reference case. 

Among all the sources of uncertainties considered, the record-to-record variability was found 

the most influencing parameter dominating the structural response of the SFSI models. 

The work proposed by Sáez et al. (2011) [105] provided further insight into the effects 

of different modelling approaches for SFSI on the seismic vulnerability assessment of 

buildings. They performed analyses applying the direct approach and two steps approach 

where only site effects are considered. In particular, the results of comparative dynamic 

analyses on these two systems highlighted that the consideration of site effects (even 

including the non-linear soil behaviour) modifying the imposed input motion to the fixed-base 

superstructure will lead to a conservative prediction of expected damages. This is mainly 

because the latter approach considers just the material damping in energy dissipation 

neglecting the radiation damping. The main findings of the authors once demonstrate that a 

general structural demand reduction is expected when dynamic SFSI effects are included. 

This reduction is mainly related to the combined effect of radiative damping, modification of 

vibrating modes and hysteretic soil dissipation due to its non-linear behaviour. Same 

evidence has been pointed out in Karapetrou et al. (2013) [59] who highlighted that the 

conservativeness of the sub-structuring method, which leads to higher vulnerability, may be 

attributed to the uncertainties in the evaluation of impedance functions. 

To understand the role of non-linear dynamic SFSI on fragility computation, 

Karapetrou et al. (2015) [60] performed comparative analyses considering a coupled 

approach in which SFSI and site effects are considered inherently (assuming either linear 

and non-linear soli behaviour) and the uncoupled fixed-base model in which only site effects 

are considered. As reported in this study, when soil nonlinearity is considered, the coupled 

case of SFSI and site effects leads to a significant increase of the vulnerability compared to 

the fixed-base case where site effects are simply considered. This may be due to the 



 

 

 

complex non-linear behaviour of the compliant soil which may introduce additional 

displacements to the structure, increasing i.e. the drift demands (Kramer, 1996 [66]). 

Furthermore, it was found that when the stratigraphy of the soil profile is taken into account, 

non-linear SFSI increases the vulnerability, since the layered soil medium may amplify the 

imposed input motion at the base of the structure in comparison to the homogeneous soil 

profile.  

In order to investigate the importance and relevant contribution of site and SSI effects 

on the vulnerability assessment, Karapetrou et al. (2013) [59] retrieved fragility curves 

adopting sub-structure and direct SFSI models. The findings show that considering only the 

modification of the input motion in case of soft soil may lead to a slight increase in 

vulnerability compared to the case in which SFSI are taken into account. Within the same 

issue, recently Petridis and Pitilakis (2020) [85] found also that ground motion amplification 

leads to higher vulnerability than SFSI effects alone; this evidence is likely to be more 

pronounced for slight damage states due to the de-amplification phenomenon occurring for 

high IM values. In particular, the modification of PGA corresponding to 50% probability of 

exceeding the slight damage state of the actual SFSI systems (i.e. low-rise structure on soft 

soil Vs=180 m/s) is about 30–50% of the corresponding PGA for fixed-base structure. This 

percentage increases to 70% with reference to PGA for the fixed-base on soft soil condition, 

i.e. where SFSI on fragility curves are isolated. 

The seismic assessment of masonry structures has attracted relatively little attention 

from researchers in the field of SFSI compared to reinforced concrete structures. The 

available studies show that the soil compliance can modify the structural performance 

leading to either beneficial or unfavourable effects. In particular, Fathi et al. (2020) [40] 

investigated the impact of SFSI on the out-of-plane behaviour of a historic masonry building 

revealing that SFSI has a significant decreasing effect on the spectral acceleration response 

and a remarkable increasing impact on the displacement response due to increasing of first 

mode vibration period. Later studies of Güllü and Jaf (2016) [46] assessed the effect of near-

fault and far-fault earthquakes on a historical masonry mosque through 3D dynamic SFSI 

analysis. They found the influence of SFSI to the near and far-fault effects, increases 

amplitude and stresses, compared with the reference fixed-base results. 

With a special focus on the role of SFSI on vulnerability assessment of masonry 

structures, Karatzetzou et al. (2015) [62] performed static non-linear analyses on the 



 

 

 

masonry Neoclassical School in Rhodes, Greece. Main findings of the study revealed that 

SFSI and foundation flexibility may lead larger displacements and reduce by half the PGA 

that the structure is able to withstand. Despite these detrimental, SFSI and foundation 

flexibility may have a favourable effect on the structure safety, leading to a different collapse 

mechanism. It was shown that for the fixed-base model, collapse occurs simultaneously on 

all piers of the wall, whereas, in the compliant model, collapse of structural elements takes 

place sequentially. 

More recently, in the study performed by de Silva (2020) [32] it is investigated and 

compared the site-specific seismic demand required to squat or slender masonry towers 

resting on stiff or soft soil performing dynamic analysis on 3D direct models. The results of 

the analyses once shown that SFSI effect can be either beneficial or detrimental, i.e. the 

period of the SFSI system may tend to be closer or further to the resonance of the free field 

soil layer. Moreover, it is shown that soil deformability enhances the bending demand and 

produces a not negligible permanent tilt in the towers leading to an increase of the system 

vulnerability. 

Later studies of Cavalieri et al. (2020) [22] provided insights into the impact of 

adopting different SFSI of models of shallow foundations on the characterisation of fragility 

functions for the unreinforced masonry (URM). To this aim they modelled SFSI using two 

models according to the substructure approach, (i.e. one-dimensional frequency-

independent model (1-D) and a Lumped-Parameter Model (LPM) accounting for frequency 

dependence of the impedance) and a third one that relies on the adoption of a nonlinear 

macro-element (ME). By performing non-linear time history analyses on such models, they 

found a non-negligible influence of SFSI on the fragility analysis only for stiffer buildings 

(Figure 11). The analysis results show that SFSI leads towards a less fragile response, in 

comparison to the fixed-base reference case (grey dashed curves in Figure 11).  

Furthermore, considering inelastic behaviour in the SFSI model (green continuous line in 

Figure 11) lead to smaller structural displacements and consequently to a lower vulnerability, 

even more pronounced for high levels of intensity measures. 

It is rather clear that the literature review presented herein, i.e. available studies 

implementing SFSI in risk assessment are limited to the single building scale. Nevertheless, 

only few studies investigated thoroughly what is the role of SFSI on risk assessment at the 

urban scale (Michel and Guéguen, 2012 [75]; Karatzetzou et al., 2017 [63]; Riga et al., 



 

 

 

2017,2019 [97],[96]). In seismic risk assessment, large scale analyses are commonly carried 

out applying existing fragility curves (Smerzini and Pitilakis, 2018 [110]; De Risi et al., 2019 

[31]). Including SFSI phenomena in the urban vulnerability assessment is considered a 

challenging task (Silva et al., 2019 [109]) since different approaches and methodologies are 

spread across scientific researchers. More specifically, the vulnerability of the SFSI system 

depends on the dynamic characteristics of the structures, soil conditions and ground motion, 

and thus will differ from the assessment of the same building resting on different site 

conditions.  

 

 

Figure 11 Comparison of the fragility curves proposed in Cavalieri et al. (2020) [22] for three SSI models and 
for different index buildings corresponding to various fixed-base periods  (Kwelder T=0.08s, Badweg T=0.13s, LNEC-
BUILD3 T=0.08s, Dijkstraat T=0.36s, Solwerderstraat T=0.3s, De Haver T=0.13s). The grey dashed vertical lines 
indicate the four considered levels of AvgSa: Tr  500, 2500, 10 and 100 years. 

Most studies investigating the effects of soil-structure interaction in urban areas 

considered data recorded on monitored buildings (Michel and Guéguen, 2012 [75]) have 

been focused on the elongation of the fundamental period (Rovithis et al., 2017 [100]) and 

the evaluation of the damping ratio of the system with consequent modification of fragility 



 

 

 

curves. The main findings reported in Michel and Guéguen (2012) [75] show that considering 

ambient vibration recordings in buildings would provide the actual dynamic behaviour of 

buildings under low strains and can be suitable for the prediction of slight damage states. 

The results of the analyses performed by Karatzetzou et al. (2017) [63] indicate that 

consideration of SFSI at an urban-scale may lead to higher seismic forces compared to the 

currently employed fixed-base approach.  

An alternative to reduce the computational effort required by the urban scale 

vulnerability assessment could be the consideration of secondary factors, which increase or 

decrease the seismic vulnerability. To this aim, based on the work proposed by Petridis and 

Pitilakis (2020) [85] it is possible to modify the existing fragility curves for reinforced concrete 

buildings to introduce the influence of nonlinear SFSI, without the need to run individual 

building-to-building analyses. More specifically, the Authors propose to shift the existing 

fragility curves for fixed-base structures by multiplying the median value for each damage 

state with an appropriate modifier depending on both structure and soil parameters, as 

reported in the heat map of Figure 12. 

This methodology can be implemented at an urban scale based on globally available 

data regarding the soil parameters, the foundation, and the building taxonomy, all necessary 

to define these fragility modifiers. 

 



 

 

 

 

Figure 12 Heat map reported in Petridis and Pitilakis (2020) [85]: ‘‘Flexible-base on soil’’ to ‘‘Fixed-base on 
rock’’ ratios of median PGA to exceed each DS, described as fragility modifier (FM). The discretization is based on the 
height of the structure (low, medium, high), the infill type (no, regular, pilotis), the damage state (slight, moderate, 
extensive, complete) and the soil shear wave velocity. Darker color implies stronger influence of soil nonlinearity and 
SSI. 

  



 

 

 

3 Aging effects  

The up-to-date vulnerability assessment of existing buildings assumes that the 

mechanical properties of reinforced concrete, as well as masonry structures, remain 

constant over time. When an existing structure is assessed its material may be softer due 

to deterioration phenomena affecting progressively the building over time (Saetta et al., 2008 

[104]; Castaldo et al., 2017 [21]). Recent studies on the topic have demonstrated that so-

called aging effects worsen the mechanical properties of the building, depending on the type 

and location of the construction. In this light, especially when the concrete is exposed to an 

aggressive environment, mechanical degradation should be taken into account in the 

fragility computation in order to enhance the whole reliability of the risk assessment 

procedure. 

3.1 General notions on Aging effects 

The deterioration phenomena may be induced by different sources as a diffusive 

attack of environmental aggressive agents, such as chloride and sulfate ions, or by 

carbonation phenomenon, alkali-aggregate reaction, freeze-thaw cycles, etc. (Cosenza et 

al., 2008 [28]). The aging effect is mainly related to the corrosion of steel bars (Pitilakis et 

al., 2014 [88]) and it consists of a two-phase process: initiation and propagation phase 

(Tuutti, 1982 [116]). In normal conditions (basic environment, PH> about 13) steel is covered 

by a passive protective layer, impenetrable to external ions. As soon as the concentration 

of chlorides or carbon dioxides exceeds a critical value, the PH tends to decrease causing 

the destruction of the passive layer and consequently leading to the initiation of corrosion. 

The corrosive phenomena can be manifested with the simple appearance of rust spots on 

the covering or with cracks and spalling caused by the expansive action of the corrosion 

products (rust), finally resulting in significant structural damage.  

Several experimental and analytical investigations showed the main effect of 

corrosion involves the reduction of the cross-sectional area of the reinforcing steel bars 

(Figure 13a). Moreover, the progressively concrete cracking may lead to a reduction of 

concrete strength, delamination and spalling of the concrete cover. Furthermore, the whole 

corrosion process may affect the steel-concrete bond strength and lead to the reduction of 

steel ultimate deformation during time as shown in Figure 13b (DuraCrete, 1998 [34]; Saetta 



 

 

 

et al.,1999 [103]; Berto et al., 2009 [9]; Yalciner et al., 2012 [124]). Thus, on reinforced 

concrete structures, these phenomena may imply a significant loss of ductility due to high 

corrosion levels, decreasing the capacity to withstand the applied loads (Castaldo et al., 

2017 [21]), as well as a shift to more brittle failure mechanisms is expected (Berto et al., 

2009 [9]; Yalciner et al., 2012 [124]). 

  

(a) (b) 

Figure 13 Time evolution of both the 50th percentile value and bimodal PDFs related to (a) the cross 
sectional area of the reinforced stell A(t) and of (b) the ultimate deformation εsu derived from MonteCarlo simulations of 
degradation models for material properties as reported in Castaldo et al. (2017) [21]. 

. 

In the up-to-date seismic design procedures the above-described phenomena can be 

limited by prescribing the fulfilment of required levels of the quality of the materials and 

structural detailing. In particular, depending on the environmental exposure (humidity, 

temperature, carbon dioxide or chloride concentration) different threshold values are 

proposed in terms of concrete cover depth, water-cement ratio, amount and type of cement. 

Much effort has been devoted lately to understanding that design to prevent aging 

effects cannot be limited to that simplified design-criteria. Aging effects should be carefully 

considered through analysis methods capable to include the global effects of local damage 



 

 

 

phenomena on the overall performance of the structure in order to assess the time-variant 

structural safety (Biondini and Vergani, 2015 [12]). 

 

3.2 Modelling approach of aging effects 

The analysis of corroded RC and masonry structures incorporating aging effects and 

the progressive degradation can be performed employing finite-elements models including 

the effects of mechanical and environmental damage (Saetta et al.,1999 [103]; Coronelli 

and Gambarova, 2004 [27]; Biondini and Vergani, 2015 [12]). Several models have been 

proposed in literature aimed to quantify and account for the degradation process and the 

corresponding effects on RC structures. A summary of these models can be found in 

DuraCrete (1998) [34]. Any of the above-mentioned effects concerning the material 

deterioration of RC structures start with the beginning of reinforcement corrosion.  

In this regard, one of the key aspects in the modelling of the degrading phenomenon 

is related to the correct estimation of the initiation time (Tini) (Saetta et al.,1999 [103]). If 

among the various above mentioned aging processes, the chloride-induced corrosion is 

considered, the probabilistic model proposed by FIB-CEB Task Group 5.6 (2006) [23] can 

be adopted to evaluate the corrosion initiation time. In such a case, T ini is mostly influenced 

by the steel bars cover and chloride surface concentration. In particular, increasing the steel 

bar cover Tini tends to increase and on the contrary, tends to decrease increasing the 

superficial concentration of chlorides.  

Moreover, the evolution over time of structural behaviour in terms of the geometry, 

material (Argyroudis et al., 2014 [1]) as well as bond properties (Coronelli and Gambarova, 

2004 [27]) has to be considered in the model. In particular, the time-dependent loss of 

reinforcement cross-sectional area can be evaluated following the approach proposed by 

Ghosh and Padgett (2010) [44], the cracking and spalling of the cover concrete can be 

considered reducing the concrete cover strength following to the model proposed by 

Coronelli and Gambarova (2004) [27]. Finally, the loss of steel ductility can be considered 

through the reduction of the steel ultimate deformation using the model proposed by 

Rodriguez and Geocısa (2001) [98]. Furthermore, a nonlinear model able to describe the 

evolution of structural degradation over time is strongly required. In the framework of non-



 

 

 

linear modelling through a lumped plasticity approach, aging effects may be introduced in 

the model by modifying the constitutive relationships of the plastic hinges depending on the 

corrosion level (Saetta et al., 2008 [104]). Following this approach, Berto et al. (2009) [9] 

investigated the influence of rebars corrosion on the seismic response of RC structures. The 

main results of this study show the reduction of load-bearing capacity of the structure and, 

in several cases, also the shift of the failure mechanism from the ductile to the brittle type.  

3.3 Effects of aging on vulnerability of structures 

Even though there has been a substantial increase in interest among researchers in 

the topic of seismic fragility assessment especially of RC bridges considering aging effects 

as evidenced by the growing number of published literature  (Ghosh and Padgett, 2010 [44]; 

Castaldo et al., 2017 [21]; Rao et al., 2017 [93]), the fragility analysis of reinforced concrete 

and masonry structures due to aging effects need to be further investigated. The 

vulnerability is expected to increase with increasing levels of deterioration since, as already 

stated, different studies proved that the consideration of aging effects on reinforced concrete 

structures generally results in resistance, load-bearing capacity and ductility reduction. 

Explicitly accounting for deterioration requires probabilistic models for predicting the time-

dependent level of deterioration of structural elements. In this regard, in the last years, 

different authors proposed the use of time-dependent seismic fragility functions, i.e. 

depending on the time of construction, t (Ghosh and Padgett, 2010 [44]; Karapetrou et al., 

2013 [59]; Pitilakis et al., 2014 [88]; Castaldo et al., 2017 [21]). The available studies on this 

topic usually focus on the development of numerical models reflecting different stages of 

deterioration, comparing the outcomes of the analysis conducted on the initial uncorroded (t 

= 0 years) and corroded (t = 50 years) concrete structures as shown in Figure 14 (Karapetrou 

et al., 2013 [59]; Pitilakis et al., 2014 [88]) and on simple SDOF systems (Yalciner et al., 

2012 [124]). Besides, the same authors have brought forth the calculation of the rate of 

erosion, that would allow to evaluate the evolution in the time of fragility.  



 

 

 

  

(a) (b) 

Figure 14 Time dependent fragility curves derived for the initial (t = 0 years) (continuous lines) and corroded 
(t = 50 years) (dashed lined), for the Immediate occupancy (green line) and collapse prevention (red line) limit states. 
Considering (a) low-rise and (b) high-rise Moment resistant frame fixed-base buildings from Kappos et al. 
(2003,2006),[57],[58] in the work of Pitilakis et al. (2014) [88]. 

Among the several studies carried out for the vulnerability assessment of bridges, 

Ghosh and Padgett (2010) [44] considered the effect of corrosion on both the demand and 

capacity models in the evaluation of fragility curves for 4 different damage states, over 100 

years. In their study, the progressive and irreversible process caused by aging effects results 

in an overall increase in structural vulnerability over time. In particular, the median value 

PGA defining the fragility curve for the complete damage state decreases by 27% after 75 

years of exposure to chlorides. 

Palazzo et al. (2016) [84] proposed a computational fiber-approach to predict the 

evolution over time of a deteriorating reinforced concrete element, exposed to an aggressive 

environment, mainly taking into account deterioration phenomena induced by chlorides 

attack. The prediction model is based on MonteCarlo simulations in order to define time-

variant axial force-bending moment resistance domains. The main findings of this study 

show a reduction of the reliability index over time, i.e. an increase of the failure probability. 



 

 

 

More recently, Rao (2014) [92] developed a model for the fragility assessment 

including aging effects as a joint function of the ground motion intensity measure, IM, and 

W the deterioration measure. W represents the time-dependent level of deterioration of a 

structural component. For example, in the specific case of chloride aging effects induced 

reinforcement corrosion, W can include the proportion of reinforcement steel mass lost. 

Stated that seismic capacity and demand are likely to change because of materials’ 

degradation, they will be both dependent on W. This methodology has been applied for the 

fragility assessment of non-deteriorating and deteriorating columns based on their age and 

environmental exposure by Rao et al. (2017) [93]. Overall can be seen that the decreasing 

damage state capacities coupled with increasing seismic demand of older columns lead to 

fragility functions that increase with increasing deterioration, especially in highly corrosive 

environments.  

Celarec et al. (2011) [24] presented a simplified methodology for seismic performance 

of aging RC structures considering that the degradation of structural capacity with age can 

be assumed to follow a power-law relation. Based on an extension of the SAC/FEMA 

probabilistic framework for estimating mean annual frequencies of limit state exceedance, 

they presented an analytical solution for equivalent constant limit-state exceedance rates.  

Furthermore, Biondini et al. (2011) [13] using lumped plasticity models for seismic 

analysis of corroded reinforced concrete structures highlighted that consideration of aging 

effects may lead to a significant reduction of both base shear strength and displacement 

ductility highlight the importance of a lifetime approach to seismic assessment and design 

of concrete structures.  

More recently, the work of Pitilakis et al. (2014) [88] on the risk assessment of existing 

RC structures considers among the various aging processes, the chloride-induced corrosion 

based on probabilistic modelling of corrosion initiation time and corrosion rate. The authors 

demonstrated that including in the analysis different aging processes as (the loss of 

reinforcement cross-sectional area, the degradation of concrete cover and the reduction of 

steel ultimate deformation) may lead to an important shift to the left side of the fragility 

curves. More in detail, in the case of consideration of aging effects lead to an increase in 

the probability of damage on the order of 25% for concrete buildings at least 50 years old. 

In particular, the increase in vulnerability is more pronounced for severe limit-states 

compared with the ones having a higher probability of occurrence (Karapetrou et al., 2013 



 

 

 

2013 [59]). In this light, the same authors propose a more reliable vulnerability assessment 

performed through time-dependent fragility functions, which can be evaluated taking into 

account aging effects.  

4   Conclusions 

This deliverable presents a comprehensive review of the up-to-date literature 

regarding SFSI and aging effects on the computation of earthquake vulnerability of 

structures. The main finding is to highlight that studies carried out until now proved that the 

conventional way of calculating building fragility considering fixed-base and uncorroded 

structures may lead to a potential underestimation of the seismic risk. 

Soil-foundation-structure interaction and local site effects are generally shown to be 

more pronounced in the case of soft soil formations and high-rise structures, causing 

considerable modification to the free-field motion, as well as to the dynamic response of the 

structure. In this light neglecting SFSI and especially site effects may lead to inaccurate 

fragility and loss estimates, which constitute fundamental components in the risk 

assessment. Moreover, aging effects on structures might increase their vulnerability and 

contribute to significant loss of their capacity via a slow, progressive and irreversible process 

caused by the deterioration of the material properties. 

Even though the results of such studies provided the scientific community with 

valuable knowledge at site-specific vulnerability assessment, the reliability of risk analysis 

at urban scale is assessed with certain limitations. Further research is necessary for the 

development of generalized fragility functions applicable to different reinforced concrete and 

masonry building typologies which would take into account SFSI and site effects for a great 

variety of soil conditions.  

The encouragement in the adoption of reliable SFSI and time-variant models will 

promote a more accurate assessment of the seismic safety of existing buildings. This aspect 

is particularly significant in urban risk assessment in order to identify the most appropriate 

short- and long-term earthquake mitigation policies. 
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